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The ultramafic rocks in the Komati Complex, Barbeton greenstone belt, South Africa have been
serpentinized thoroughly and carbonated with variable intensities. Conditions of the serpentinization
and carbonation of the ultramafic rocks in the Komati Complex were studied using serpentine phase
characterization by Raman spectroscopy, calcite hosted fluid inclusion microthermometry and chlorite
geothermometry. Three serpentine phases, lizardite, chrysotile, and antigorite occur in four samples
studied with Raman spectroscopy. Antigorite dominates the serpentine mineralogy in two of the
samples and other two have large amounts of lizardite and antigorite, chrysotile being a minor
constituent in three of the four samples. Abundant antigorite indicates serpentine crystallization above
a temperature of ~ 320 °C. Fluid inclusion petrography and microthermometric data revealed four fluid
inclusion assemblages (FIA), FIA 1 - FIA 4 in an order from earliest to latest entrapment. The FIAs
have homogenization temperatures in the ranges of ~170 - 240 °C (FIA 1), 154 - 163 °C (FIA 2), 149 -
180 °C (FIA 3), 112 - 137 °C (FIA 4). Relatively constant NaCl equivalent salinities in the range of 6.4 -
11 wt-% were recorded for the FIAs 1 and 2, similar salinities were indicated for the FIAs 3 and 4.
Chlorite geothermometry yielded temperatures in the approximate range of 150 - 250 °C. Chlorite
crystallization is texturally indicated to be related to the formation of the calcite that hosts the fluid
inclusions. The overlap of chlorite geothermometry temperatures and the homogenization
temperatures of the earlies fluid inclusions (FIA 1) indicates fluid inclusion entrapment at pressures
lower than 200 - 300 bar and at temperatures equal to or slightly above the recorded homogenization
temperatures. These pressure and temperature estimations suggest that carbonation occurred in a
seafloor environment at moderate hydrothermal conditions. The properties of carbonate hosted fluid
inclusions resemble those of fluid inclusions reported from Archean greenstone belts and interpreted
as Archean seawater by previous contributions. Calcite hosted fluid inclusions may, thus, represent
entrapped Archean seawater.
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41 INTRODUCTION
The komatiites of the Komati Complex, within the Onverwacht Suite in the Barberton
Greentone Belt, have been studied extensively as the type locality of komatiite and as some
of the best preserved 3.5 Ga Archean komatiites on the Earth. Nevertheless, the Barberton
greenstone belt has been metamorphosed at greenschist to amphibolite facies conditions,
which has altered the petrological properties of the rocks in it (Xie et al. 1997, Cloete 1999,
Tice et al. 2004, Grosch et al. 2012). The low-grade alteration of the komatiites in the
Komati Complex is manisfested by an almost complete serpentinization and subsequent
carbonation of varying intensity.
Serpentinites are products of low temperature hydration of ultramafic rocks such as
peridotites or komatiites (Evans et al. 2013). Serpentinization changes the chemical
composition of the protolith by adding water and fluid mobile elements (Deschamps et al.
2011) and possibly remobilizing some major components such as CaO (Hattori and Guillot
2007) or SiO2 (Malvoisin 2015). Serpentinization also changes the physical properties:
serpentinites are magnetic unlike their protoliths, they have low density and may contribute
to the exhumation of rock masses they are associated to, and they are mechanically weak
enabling strain partitioning and aseismic creep where they occur (e.g. Guillot and Hattori
2013).
The metamorphic PTt-paths of Archean greenstone belts may reveal details about their
emplacement environments and tectonic histories (e.g. Grosch et al. 2012). A review by
de Wit et al. (2011) and detailed mapping of metamorphic conditions along the Kromberg
Type Section by Grosch et al. (2012) have revealed that metamorphic conditions can vary
significantly from unit to unit and that metamorphic gradients within the units may be
complex.
The metamorphic conditions of the Onverwacht Suite have been studied using, e.g., chlorite
geothermometry, Raman spectra of carbonaceous material, and the hornblende-plagioclase
geothermometer (Xie et al. 1997, Cloete 1999, Tice et al. 2004, Grosch et al. 2012). Peak
metamorphic temperatures in most of the Onverwacht Suite are in the range 300 - 400
5◦C (Xie et al. 1997, Cloete 1999, Tice et al. 2004, Grosch et al. 2012, Farber et al. 2015).
The aim of this study is to shed further light on the various aspects of the serpentinization
and metamorphism of the komatiites and komatiitic basalts of the Komati Complex in the
Onverwacht Suite. The emphasis of this study is on the calcite hosted fluid inclusion studies,
Raman spectroscopy for serpentine phase characterization, equilibrium thermodynamic
modeling combined to antigorite geothermobarometry based on Tschermak’s substitution
(Padrón-Navarta et al. 2013) and chlorite geothermometry (Bourdelle et al. 2013, Bourdelle
and Cathelineau 2015).
1.1 The serpentine mineral group
Serpentine minerals are a group of near polymorphs with the idealized formula
Mg3Si2O5(OH)4. The three most common rock forming members of the group are
antigorite, chrysotile, and lizardite. Serpentine minerals are trioctahedral phyllosilicates
with 1:1-layer structure i.e. they have tetrahedral and octahedral layers in a one-to-one ratio.
Tetrahedral layers consist of silica tetrahedra that form six-member rings by sharing three of
their corner oxygens with other silica tetrahedra. Octahedral layers consist of octahedrally
coordinated Mg ions that have six oxygen anions surrounding them in the corners of the
octahedron all of which they share with three neighbouring Mg octahedra. Two of the
six corner oxygens are further shared with two silica tetrahedra and the four remaining
oxygens with H− ions. One of the H− ions is located in the middle of the six-membered
rings of tetrahedra in the tetrahedral sheet, and the three remaining ones are located on the
outer side of the octahedral sheet. A sheet consists of one tetrahedral and one octahedral
layer that are bound togeher by covalent bonds i.e. by oxygen atoms shared between
tetrahedral and octehedral layers as described above. The general idealized structure has
been reviewed by e.g. Wicks and O’Hanley (1988) and Deer et al. (2009).
The octahedral sheet is some 4 % greater in the direction of the y crystallographic axis than
the tetrahedral sheet (e.g. Wicks and O’Hanley 1988, Deer et al. 2009). The structures
of lizardite, chrysotile, and antigorite all have a distinct solution to the misfit problem.
The layers in chrysotile and antigorite are curved, whereas lizardite layers are flat. The
layers of chrysotile form tube-like structures. The layers may be assembled either as
6concentric cylinders or scrolls. The smaller tetrahedral sheet is closer to the center of the
tube and the larger octahedral sheet on the rims side of a layer. Antigorite has a wavy
morphology where the octahedral sheet is always on the convex side of the wave. This
requires that the tetrahedral sheet is flipped over at every half wavelength and attached
to the adjacent octahedral sheet. Thus antigorite has covalent bonds in three dimensions
(albeit not continuously) which makes the structure of antigorite more stable than that of
chrysotile or lizardite.
In addition to three near polymorphs, serpentine minerals may occur as mixtures of the
structures described above. Polygonal serpentine, viewed as a form of lizardite by Deer
et al. (2009), consists of flat layers that have a tubular morphology with a polygonal
cross section, and may have a chrysotile like cylindrical core. Another type of mixed
lizardite-chrysotile structure is one where flat lizardite layers end in having their edges
curled up in cylidrical morphologies. Flat lizardite layers may also alternate with antigorite
like curved layers. (Deer et al. 2009)
Lizardite is the most abundant of the serpentine minerals being common especially in
retrograde metamorphic environments (Wicks and O’Hanley 1988). An approximate
temperature range of lizardite formation is 50 - 300 ◦C (Evans 2004). The first three
dimensional refinements of the crystal structure of lizardite with high Al contents were
performed byMellini (1982) and Mellini and Zanazzi (1987), who found a nearly ideal
structure with only minor tetrahedral rotations that distort the symmetry of six-membered
tetrahedral rings from hexagonal to ditrigonal. Mellini (1982) suggested that tetrahedral
rotations occur in order to shorten the distance between bridging O atoms in silica tetrahedra
and OH groups attached to the octahedral sheet of the adjacent layer. The shortened distance
facilitates stronger hydrogen bonding between successive layers. Deer et al. (2009) point
out that the tetrahedral rotations that commonly occur in lizardite increase the lateral misfit
of the sheets instead of easing it.
Lizardite stability increases by Tshermacks substitution i.e. coupled Al substitution of Mg
in the octahedral sheet and Si in the tetrahedral sheet which has a two way effect: the ionic
radius of Al is intermediate between Mg and Si, which alleviates the misfit, and the sheets
become polarized, which enhances inter- an intralayer bonding (e.g. Wicks and O’Hanley
71988, Deer et al. 2009). Substitution by other trivalent cations has similar effect (Evans
2004). However, lizardite is not, in general, more Al rich than chrysotile or antigorite so
that Tschermacks substitution does not fully resolve the misfit problem in lizardite (e.g.
Whittaker and Wicks 1970).
Deer et al. (2009) suggest that the misfit problem in lizardite may be overcome by its
generally very small crystal size. The misfit does not become too high as the lateral extent
of the crystals stays small. They suggest that the small lateral extent of layers may be an
important factor in alleviating the misfit in polygonal serpentine as well.
Chrysotile is the least abundant of the serpentine minerals (Wicks and O’Hanley 1988).
Chrysotile has a tubular structure where the layers curve into cylinders to ease misfit
between T and O sheets. The possible curvature of the layers i.e. the possible radii of the
cylinders is limited roughly in the range of 35 Å - 150 Å. Outside of this range the strain
between successive sheets becomes too high and yields chrysotile instable, and chrysotile
is the most stable at a radius of 88 Å (Evans 2004). Chrysotile crystals can thus only
effectively grow in one dimension. An approximate temperature range where chrysotile
forms is 0 - 400 ◦C (Evans 2004).
Antigorite is the high temperature serpentine. Antigorite forms at approximately 250 -
600 ◦C. Antigorite has a modulated crystal structure. The sheets of antigorite have a
wave-like geometry. The octahedral sheet in antigorite is continuous but the tetrahedral
sheet is flipped over at every inflection point of the wave structure. In a wave length there
are m tetrahedra and m-1 octahedra, which makes antigorite silica enriched relative to
lizardite and chysotile. Antigorite occurs as several polytypes with varying values of m.
Mellini et al. (1987) reported m values ranging from 14 to 23 and predicted that 13 is
the minimun value possible for m. As a consequence of variations in the number m the
chemical composition of antigorite, particularly the MgO-SiO2 ratio, varies slightly, but
the variation is too small to be detected with electron microprobe analysis (Mellini et al.
1987).
Evans (2004) suggests that the Gibbs free energies of lizardite and chrysotile differ so little
at low temperatures that their occurrence is governed by kinetic rather than equilibrium
8processes. According to Evans (2004) lizardite and chrysotile crystallize simultaneously
at identintical pressure and temperature conditions, but their modes of occurrence differ.
Lizardite tends to in solid state by nucleating on the surface of olivine or some other
mineral, and chrysotile precipitates from a liquid phase in a void space. The nucleation
of antigorite on pre-existing lizardite or chrysotile in slow, and the metastable occurrence
of lizardite and chrysotile in the stability field of antigorite is common (Evans 2004).
Antigorite starts to grow at the expence of lizardite and chrysotile at approximately 320 ◦C
(Evans et al. 2013).
1.2 Environments and processes of serpentinization
Common modern tectonic settings where serpentinites form include slow-spreading ridges
where mantle peridotites may become exposed to seawater and subduction zones where
water liberated from the subducting slab hydrates the overlying mantle wedge (Guillot and
Hattori 2013). The P-T range of serpentinization spans from ambient conditions to 640 ◦C
at 2 GPa (Evans et al. 2013). Serpentinization reactions tend to occur at lower temperatures
than predicted by equlibrium thermodynamics, which means that most serpentinizations
processes in nature do not attain equilibrium (Evans et al. 2013).
Equation 1 gives a generalized, unbalanced serpentinization reaction in which olivine is
converted into an assemblage of serpentine minerals, magnetite, and brucite. The hydrated
assemblage after olivine contains approximately 10.8 wt-% water. The water content of a
pure Mg end-member serpentine is approximately 13 wt-%. Some of the iron becomes
oxidized from Fe2+ to Fe3+ during the serpentinization of olivine and the oxidation of iron
is accompanied by the reduction of H2O to H2 (Evans et al. 2013).
(Mg,Fe)2SiO4
olivine +H2O→
(Mg,Fe)3Si2O5(OH)4
serpentine +
Fe3O4
magnetite+
(Mg,Fe)(OH)2
brucite +H2 (1)
9The process of serpentinization reduces the density of the ultramafic igneous source rocks
and increases the magnetic susceptibility due to magnetite formation (Evans et al. 2013).
A volume increase of up to 40 % should be expected in an isochemical serpentinization
process (Evans et al. 2013). Hattori and Guillot (2007) suggest that Ca is signifigantly
mobilized and pyroxenes and amphiboles become instable during serpentinization. They
report that thoroughly serpentinized rocks are significantly more depleted in Ca than
partially serpentinized rocks from the same localities. Based on a dataset of approximately
500 peridotite analyses, Malvoisin (2015) argued that peridotites become enriched in Si
during seafloor serpentinization relative to unaltered peridotites which leads to decreased
MgO/SiO2 values and the absence of brucite in serpentinites.
1.3 Processes and environments of serpentinite carbonation
Carbonation of serpentinized ultramafic rocks may occur in a variety environments and
conditions. Power et al. (2013) review geological settings of serpentinite carbonation:
relatively low degree of carbonation may occur simultaneously with serpentinization (e.g.
Evans et al. 2013), subsurface carbonation of serpentinite may occur at temperatures of
200 - 300 ◦C and at pressures equivalent to 3 - 5 km (e.g. Beinlich et al. 2012), near
surface carbonation occurs at hydrothermal spring settings and can form magnesite or
calcite dominated carbonate systems (e.g. Kelemen and Matter 2008). Carbonation can be
manifested by the replacement of Mg-silicate minerals by magnesite (reaction in Equation
2) or calcite (reaction in Equation 3 (Hövelmann et al. 2011)). Carbonation reactions result
in a carbonate + talc or carbonate + quartz assemblage as a function of increasing alteration
intensity (Power et al. 2013). The temperature range of carbonation of serpentinites spans
at least from approximately 10 - 50 ◦C (e.g., Milliken and Morgan 1996, Streit et al. 2012)
to greater than 550 ◦C (Bjerga et al. 2015).
Mg2SiO4
olivine +2CO2
⇀↽ 2
MgCO3
magnesite+SiO2(aq) (2)
10
Mg2SiO4
olivine +Ca
2+(aq)+H2CO3(aq)+2H+(aq)
⇀↽
CaCO3
calcite+SiO2(aq)+2Mg
2+(aq)+2H2O
(3)
Calcite can precipitate from groundwater circulating in ultramafic rock bodies (Kelemen
and Matter 2008, Streit et al. 2012), or in sedimentary rocks containing partially weathered
ultramafic clasts (Beinlich et al. 2010), or from seawater at low temperature (Milliken and
Morgan 1996). An experimental study in which partially weathered and serpentinized
peridotites were subjected to aqueous CaCl2 + NaCl -bearing or NaCl-bearing solutions
under a CO2-rich atmosphere at 200 ◦C and 180 - 200 bars was conducted by Hövelmann
et al. (2011). Hövelmann et al. (2011) found that a reaction with the Ca2+-bearing fluid
produces calcite that replaces weathered peridotite strongly and fresh olivine moderately.
Reaction with the aqueous NaCl fluid produced magnesite that replaced olivine strongly.
Weathered peridotite was dissolved during the latter experiment. Serpentine veins seem to
be relatively inert to carbonate alteration in both experiments.
Beard and Hopkinson (2000) suggest a model for calcite precipitation resulting from
interactions between reduced, Ca2+ and CH4 bearing fluids circulating in a serpentinization
system, and seawater. When the serpentinization related fluids circulate up to the seafloor
they interact with the oxidizing seawater and CH4 is oxidized to HCO−3 , which in the
presence of Ca2+ leads to calcite precipitation.
A similar model is described by Kelemen and Matter (2008) for near-surface interactions
between groundwater and peridotite result in Mg and HCO−3 rich fluids. At depth, isolated
from the atmosphere, the further interaction between the fluids and peridotites result in
the precipitation of Mg-bearing carbonates and fluids become depleted in Mg and HCO−3
and enriched in Ca and OH−. Calcite dominated carbonation occurs when the Ca and
OH− rich fluid resurface and react with atmospheric CO2 or Mg and HCO−3 rich fluids
(Kelemen and Matter 2008).
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Figure 1: A map of southern Africa showing the location of the Barberton greenstone belt.
2 GEOLOGICAL SETTING
The Barberton greenstone belt, located in South Africa near the border Swaziland (Figure
1), consists of three lithostratigraphic units, the Onverwacht Suite, the Fig Tree Group,
and the Moodies Group, in stratigraphic order from base to top (Lowe and Byerly 1999,
de Wit et al. 2011). The formation of the Barbeton greenstone belt began at around 3.55
Ga and ceased by approximately 3.2 Ga (see Lowe and Byerly 2007). The age of the peak
metamorphic event of the Barberton greenstone belt is approximately 3.23 Ga (e.g. Cutts
et al. 2013). Major deformation and metamorphic events ceased by approximately 3.1
Ga when the Berberton greenstone belt was stabilized and cratonized (Lowe and Byerly
2007).
The Onverwacht Suite, which contains the subject of this study, the Komati Complex, is
predominantly volcanic and described in more detail below. The Fig Tree Group comprises
turbiditic sandstones and mudstones with minor cherty constituents. Volcaniclastic
sediments, including sandstones, conglomerates and breccias are found at the top of
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the stratigraphy of the group and the uppermost units include volcanic rocks (Lowe and
Byerly 1999). The Moodies Group contains conglomerate with predominantly quartzose
sandstone clasts at the base of the stratigraphy, and sandstone, siltstone and shale towards
the top of the stratigraphy of the group (Lowe and Byerly 1999).
2.1 The tectonostratigraphy of the Onverwacht Suite
The Onverwacht Suite (Figure 2) consists of the Sandspruit, Theespruit, Komati,
Hooggenoeg, Noisy, Kromberg, and Mendon complexes, from the south to the north
i.e. from base to top in the tectonostratigraphic sequence (de Wit et al. 2011). All
except one of the complexes have traditionally been named formations, and the Sandspruit,
Theespruit, Komati, Hooggenoeg, and Kromberg formations were described by Viljoen and
Viljoen (1969a) and Viljoen and Viljoen (1969b), the Mendon Formation was described
by Lowe and Byerly (1999)), and the Noisy Complex was defined by de Wit et al. (2011).
However, Lowe and Byerly (2007) and de Wit et al. (2011) suggest that the complexes are
mostly bounded by faults and unconformities, and de Wit et al. (2011) argues that they
have been tectonically assembled, and that it is impossible to find out the original spatial
and genetic relationships of the complexes. Thus, the stratigraphy cannot be assumed
continuous. The nomenclature of de Wit et al. (2011) is adopted in this study, as it follows
the historical one and thus enables easier comparison with earlier studies.
The Sandspruit and Theespruit complexes are the structurally lowest units of the
Onverwacht Suite. However, their age and stratigraphic relations are unresolved (de
Wit et al. 2011). They are among the most poorly preserved of the complexes, especially
the Sandspruit Complex, which occurs mainly as rafted xenoliths within tonalitic granite
intrusions (Viljoen and Viljoen 1969a, Lowe and Byerly 1999). The Sandspruit Complex
is an ultramafic unit mainly consisting of komatiities and komatiitic basalts (Viljoen and
Viljoen 1969a, Lowe and Byerly 1999). The Theespruit Complex consists of basalts and
felsic volcanic, pyroclastic and volcaniclastic rocks (Viljoen and Viljoen 1969a, Lowe and
Byerly 1999).
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Figure 2: Geological map of the Onverwacht Suite after Lowe and Byerly (2007) and (de Wit et al.
2011).
The Komati Complex is an ultramafic volcanic unit consisting mainly of komatiites
and komatiitic basalts (Lowe and Byerly 1999). It is in fault contact to the underlying
Sandspruit and Theespruit Complexes. The single zircon age for a felsic tuff in the middle
of the Komati Complex by is 3481 ± 2 Ma (Dann 2000). Unlike many other complexes of
the Onverwacht Suite, the Komati Complex does not include significant chert horizons or
flow-top alteration products, which has been interpreted as relatively rapid extrusion of the
volcanic sequence (Lowe and Byerly 1999). The top of the Komati Complex is sheared
and and locally intruded by felsic intrusions. Lowe and Byerly (1999) interpret this as a
surface of slight erosion and a locus of shearing due to the ductility contrast of the Komati
Complex and the overlying Hooggenoeg Complex, but de Wit et al. (2011) interpreted it as
a concordant shear zone.
The Hooggenoeg Complex, which overlies the Komati Complex, comprises tholeiitic and
komatiitic basalt and cherty layers (originally described by Viljoen and Viljoen 1969b as
an alternating sequence mafic and felsic volcanic rocks and thereafter slightly redefined
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by Lowe and Byerly 1999 and de Wit et al. 2011). The lowest part of the Hooggenoeg
Complex is the Middle Marker, a reginally extensive chert, which comprises silicified
volcaniclastic and carbonaceous sediments (Lanier and Lowe 1982). Above the Middle
Marker there are around four volcanic sequences or events that comprise pillow and massive
basaltic textures, and are capped by cherts (Lowe and Byerly 1999). The Hooggenoeg
Complex is bonded from above by a tectonic contact that coinsides locally with dacitic
intrusions (de Wit et al. 2011). The upper boundary of the Hooggenoeg Complex is an
unconformity and locally over 1500 m of the unit are missing (de Wit et al. 2011).
The Noisy Complex, which is in in unconformable contact to the underlying Hooggenoeg
Complex, is a predominantly felsic igneous unit. It is composed of dacitic volcanic
rocks, shallow dacitic intrusions, and related volcaniclastic rocks, and the Buck Ridge
Chert which is a succession of banded chert and banded iron formations (de Wit et al.
2011).
The Kromberg Complex is composed of mafic and minor ultramafic volcanic and shallow
intrusive rocks and volcaniclastic sedimentary rocks (originally defiend by Viljoen and
Viljoen 1969b and redefined by Lowe and Byerly 1999 and de Wit et al. 2011). The
uppermost unit of the Kromberg Complex is the Footbridge Chert Lowe and Byerly 1999
and the complex is bounded from above by a shear zone (de Wit et al. 2011).
The Mendon Complex, defined by Lowe and Byerly (1999), is a predominantly komatiitic
volcanic unit with minor basaltic volcanic rocks that are interbedded with cherty units. The
Mendon Complex consists of structural blocks that are separated by bedding parallel faults
that have been concentrated in the serpentninized ultramafic units (Lowe and Byerly 1999).
The complex is capped by the Msauli Chert and overlain by the Fig Tree Group (Lowe and
Byerly 1999).
Traditionally the Onverwacht Suite was interpreted to represent a relatively continuous
sequence of extrusive events interbedded by sedimentary layers marking pauses in the
extrusive sequence (Lowe and Byerly 1999) but this "layer cake"-like stratigraphy has
been criticized by more recent studies (e.g. Lowe and Byerly 2007, de Wit et al. 2011).
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de Wit et al. (2011) suggest that the Onverwacht Suite is a tectonically assembled stack
of rock bodies many of which display ophiolitic features. According to de Wit et al.
(2011), modern style and modern-like rate of tectonics are inferred by tectonostratigraphic
sequence of the Onverwacht Suite: in particular the erosional contact between the oceanic
Hooggenoeg Complex and the continental Noisy Complexes implies an uplift of some 3.5
- 5.5 km between the emplacement of the two complexes.
The apparent monotonous upwards younging of the complexes of the Onverwacht Suite
would seen to support its origin as a sequence of eruptive events (Lowe and Byerly 1999).
The tectonic stacking model of de Wit et al. (2011) fails to fully explain such a trend in the
age data, and the reliability of the existing age data has been challenged by de Wit et al.
(2011). Furnes et al. (2013) review mainly geochemical data from the Onverwacht Suite
and conclude that most of the complexes have geochemical properties that bear the most
resemblance to a subduction environment out of all modern tectonic settings. Lowe and
Byerly (2007) argue, however, that the tectonostratigraphy of the Barberton greenstone
belt does not result from modern-like tectonic processes, and that pre-3 Ga tectonics were
different.
2.2 The metamorphic features of the Onverwacht Suite
Many different styles of metamorphism have been suggested for the Barberton greenstone
belt. These include contact, sea-floor, burial and regional low grade (see Xie et al. 1997).
It is possible that parts of the Barberton greenstone belt have experienced all of these types
of metamorphism. Lowe and Byerly (2007) identify up to seven deformation events in
the Barberton greenstone belt. Yet the rocks of the Komati Complex display undeformed
primary textures and the Barberton greenstone belt in general displays undeformed textures
that have been preserved due to deformation partitioning into the most ductile zones (Lowe
and Byerly 2007). The differences in the metamorphic conditions experienced by the
different complexes of the Onverwacht Suite can reveal information about the tectonic
history of the area and in the bigger picture about Archean tectonics in general. The
differences can likewise aid in relative dating of metamorphic events of the Onverwacht
Suite.
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Xie et al. (1997) report an average metamorphic temperature of 320 ◦C for the Barberton
greenstone belt based on an empirical geothermometer of chlorite in rocks with basaltic
or dacitic composition. The study of Xie et al. (1997) samples the Onverwacht Suite and
Fig Tree Group. More precisely, basaltic samples came from the Komati, Hooggenoeg,
Kromberg, and Mendon Complexes, and dacitic samples came from the Fig Tree Group,
and the Hooggenoeg Complex.
The alteration and metamorphic features of the Komati and Hooggenoeg Complexes
were studied extensively by Cloete (1999). By comparing whole rock compositions of
progressively altered zones within and between pillows of komatiitic basalts Cloete (1999)
demonstrates that all elements, including Al, Cr and Ti that are commonly considered
immobile, have been mobilized to some extent during sea floor metamorphism of komatiitic
basalts of the Komati Complex. Two main types of alteration identified by Cloete (1999)
are amphibolitization and albitization that result from 1) the addition of Mg + H2O from the
sea water at fluid buffered conditions or 2) the addition of Al + Na from a rock buffered, sea
water -derived fluid respectively. The two main types of alteration occur at downwelling
and upwelling parts of a convective fluid flow cell respectively. Cloete (1999) estimates
that the the P and T conditions for the Komati Complex sea floor alteration were in the
range of 290 - 460 bar and 300 - 430 ◦C. The relatively high temperature is attributed to
the generally high heat flow of the Archean Earth.
Cloete (1999) identified a static (regional) and a dynamic (associated to deformation)
style of metamorphism in the western parts of the Komati and Hooggenoeg Complexes.
He identified two mineralogical zones that correspond to greenschist facies and
greenschist amphibolite transition metamorphism. A combination style of metamorphism,
mineralogical zones and textural terrains define four metamorphic zones. Three of the
zones yield hornblende-plagioclase geothermometer temperatures: 320 - 413 ◦C for the
stratigraphically highest zone A, 490 - 530 ◦C for zone B underlying zone A, and 280 -
415 ◦C for the most western, dynamically metamorphosed zone D (Cloete 1999). Cloete
(1999) argues that the combine result of mineral geothermometry and fluid inclusion
data (see below) is that the peak metamorphic conditions in the Komati and Hoggenoeg
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Complexes were approximately 510 ± 25 ◦C and 3.9 ± 0,6 kbar, which corresponds to
burial metamorphism at the depth of approximately 14 km.
Tice et al. (2004) report estimated metamorphic temperatures from carbonated cherts across
the Barberton Greentone Belt. They utilize laser Raman spectroscopy to measure the degree
of graphitization and graphite crystal size of carbonaceuos material, which is indicative
of metamorphic grade. Raman spectroscopy of carbonaceous material yield temperatures
between 300 and 400 ◦C for all studied stratigraphic units except the Theespruit Complex,
which has seemingly experienced temperatures above 400 ◦C (Tice et al. 2004). Tice
et al. (2004) did not observe correlation between the stratigraphic depth and metamorphic
grade indicating negligible effect by burial metamorphism on the Barberton greenstone
belt. Instead, Tice et al. (2004) explain the overall uniform metamorphic temperature
distribution by a strong regional control on metamorphic grade and variation within and
between stratigraphic units by small scale contact metamorphism induced by dikes and
sills.
Grosch et al. (2012) and Farber et al. (2015) identified two metamorphic events in the
stratigraphically upper parts of the Onverwach group. According to Grosch et al. (2012)
the Kromberg Section Mylonites (KSM) have experienced a high-T event (420 ± 30 ◦
C, P >3 kbar) and a lower-T event (240 - 350 ◦ C, P = 2.9 ± 0.15 kbar) and display an
inverted metamorphic field gradient. Farber et al. (2015) report bimodal chlorite and illite
geothermometry temperature distributions in the Mendon Complex. Two temperature
intervals in the ranges of 100 - 180 ◦C and 225 - 340 ◦C are interpreted to represent
separate thermal events.
The Theespruit and Sandspruit Complexes have been subjected to metamorphic pressures
of 7.5 - 8.5 kbar and temperatures of 640 - 560 ◦C (e.g. Cutts et al. 2013). The Theespruit
and Sandspruit Complexes are separated from the rest of the Onverwacht Suite by the
Komati Fault (e.g. Lowe and Byerly 1999), and their metamorphic histories are likely to
differ to some extent from that in the rest of the Onverwacht Suite.
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2.3 Fluid inclusions in the Onverwacht Suite
Cloete (1999) reported fluid inclusions in quartz filled cavities in pillows of metamorphosed
komatiitic basalt lavas. A majority of the fluid inclusions in zones A, B and D described
by (Cloete 1999) consist of the components NaCl + KCl + H2O, and a subset of fluid
inclusions has additional CaCl. Homogenization temperatures (Th) varied between 95 and
165 ◦C in zone A (modes of Th at 125 and 150 for two samples), between 105 - 210 ◦C for
zone B (mode between 150 - 155 ◦C), and between 115 and 185 ◦C for zone D (modes
in the ranges of 135 - 140 ◦C and 140 - 145 ◦C for two samples). (Cloete 1999) reports
calculated NaCl equivalent salinities between approximately 22 and 8 wt-%.
Cloete (1999) argue that subgroup of the zone A fluid inclusions were entrapped at seafloor
conditions, and the rest of the zone A and zone B have been entrapped from fluids that
have been remobilized and modified at greenschist to amphibolite facies. The entrapment
of the zone D fluid inclusions postdates the entrapment of zone A and B fluids and they are
suggested to represent retrograde metamorphic conditions and to be related to uplift.
de Vries and Touret (2007) studied fluid inclusions in the upper parts of the Hooggenoeg
Complex, the Buck Ridge Chert. They reported aqueous fluid inclusions with variable
NaCl equivalent salinity values and H2O + CO2 fluid inclusions that occasionally contain
small calcite crystals. de Vries and Touret (2007) observed four types of aqueous fluid
inclusions: a high salinity type with Th in approximately the range 116 - 200 ◦C and
NaCl equivalent salinities in the range of 12.2 - 21.5 wt-%, an intermediate salinity type
with Th in the range 96 - 160 ◦C and NaCl equivalent salinities in the range of 6.6 - 12.1
wt-%, and two low salinity types with Th in the approximate ranges 98 - 117 ◦C and 141 -
216 ◦C and NaCl equivalent salinities in the ranges of 3.7 - 7.0 wt-% and 2.4 - 6.7 wt-%
respectively.
Three of the four types described by de Vries and Touret (2007) follow a trend of decreasing
salinity as a function of decreasing homogenization temperature, but one of the low salinity
types is independent of this trend. The spatial distribution of different types of fluid
inclusion is independent of growth zones i.e. they seem to be quite randomly distributed
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apart from the occasional tendency to form domains where one type is clearly dominant
(de Vries and Touret 2007). de Vries and Touret (2007) argued that the H2O + CO2 have
formed as a result of fluid unmixing with high salinity type aqueous fluids at low pressure,
approximately below 100 bars.
Farber et al. (2015) studied fluid inclusions in silicified supracrustal rocks and cherts
in the Barberton greenstone belt, at the contact of the stratigraphically highest unit of
the Onverwach Suite, the Mendon Complex and the overlying Fig Tree Group. They
reported two types of fluid inclusions. The first type are aqueous fluid inclusion with NaCl
dominated cation composition with the majority of NaCl equivalent salinities falling in
the range of 3 - 13 wt-% and a majority of homogenization into the liquid phase in the
temperature range 150 - 200 ◦C. The second type are aqueous carbonic fluid inclusions
that dominantly consist of H2O and CO2 and have total homogenization temperatures in
the range of 220 - 240 ◦C.
Farber et al. (2015) interpreted the fluid inclusion data from the Mendon and Theespruit
contact to represent a metamorphic event that is syngenetic with the host rock chlorites
but not with the host quartz and associated cherts that are precipitated from sea water
at approximately 100 ◦C based on oxygen isotope geothermometry. As the host quartz
seems to have been precipitated at significantly lower T compared to the mode of the fluid
inclusion homogenization temperatures, the fluid inclusions have likely been entrapped
at approximately 260 ◦C (the average temperature given by chlorite geothermometry)
that translates to 0.8 - 1.7 kbar along the isochores calculated from the fluid inclusion
data.
3 SAMPLES
3.1 Sample picking
Samples are from the Barberton Drilling Project, a ICDP project that took place in 2012.
The samples were chosen from the drill hole BARB 2 that was drilled in the Tjakastad
komatiite at 25◦58′50.35′′S; 30◦50′37.28′′E.
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3.2 Petrography
The thin sections represent six different rock types. Five of them are mafic or ultramafic
rock types: 1) serpentinite, 2) ophiocarbonate, 3) soapstone, 4) talc-tremolite schist, and 5)
tremolite schist. One of the samples is an albite-actinolite rock. This study concentrates
on the mafic-ultramafic array of rocks. In this study the following definitions are used for
mafic-ultramafic rock types:
1. Serpentinite is a rock that consists of mainly serpentine and may contain minor
chlorite, carbonates, mainly as vein carbonate, and pyroxenes as relict primary
minerals.
2. Ophiocarbonate is a rock that consists mainly of serpentine and carbonate, and has a
significant amount of both of these minerals. It includes minor magnetite and may
contain minor amounts of tremolite, talc, chlorite, and hornblende.
3. Soapstone consists mainly of talc and chlorite and may contain carbonate and
serpentine and minor amounts of tremolite.
4. Talc-actinolite rocks have significant talc and actinolte components and varying
amounts of carbonate, serpentine and chlorite.
5. Actinolite rock has high abundances of actinolite and may contain carbonate,
serpentine, chlorite and talc in varying abundances.
All rock types have accessory magnetite, chromian spinel and millerite in varying
abundances. How these rock types are represented in the samples is presented in Table
1.
The samples are generally fine grained to cryptocrystalline. In the sample rocks are
relatively undeformed. However, some samples are hydrothermally brecciated and veins
of serpentine, carbonate, talc, tremolite, or combinations of these commonly cut across
21
Table 1: Sample numbers of this study, and rock types of samples. Interpretation of source rock is
based on thin section and hand specimen study along with drill core logs (Chunnet and Zintwana 2011).
Sample number Thin section number Metamorphic rock type Inferred protolith
PEN 15.12 1317027 Serpentinite Intrusive olivine cumulate
PEN 16.19 1317028 Serpentinite Intrusive olivine cumulate
PEN 26.79 1317031 Serpentinite Intrusive olivine cumulate
PEN 28.06 1317033 Serpentinite Intrusive olivine cumulate
PEN 30.00 1317034 Serpetninite Intrusive olivine cumulate
PEN 37.23 1317035 Serpentinite Spinifex komatiite
PEN 67.96 1317040 Ophiocarbonate Pyroxenitic cumulate
PEN 68.93 1317041 Ophiocarbonate Pyroxenitic cumulate
PEN 69.93 1317042 Ophiocarbonate Pyroxenitic cumulate
PEN 70.51 1317043 Ophiocarbonate
PEN 211.06 1317029 Ophiocarbonate Extrusive olivine cumulate
PEN 212.47 1317030 Ophiocarbonate Extrusive olivine cumulate
PEN 77.93 1317047 Soapstone Spninifex komatiite
PEN 92.57 1317048 Soapstone Spninifex komatiite
PEN 138.20 1317026 Soapstone Spninifex komatiite
PEN 63.36 1317037 Talc-actinolite rock Komatiitic basalt
PEN 76.14 1317045 Talc-actinolite rock Komatiitic basalt
PEN 77.27 1317046 Talc-actinolite rock Komatiitic basalt
PEN 38.44 1317036 Actinolite rock Olivine cumulate
PEN 66.00 1317038 Actinolite rock Pyroxenitic cumulate
PEN 67.00 1317039 Actinolite rock Pyroxenitic cumulate
PEN 72.42 1317044 Actinolite rock Komatiitic basalt
PEN 135.88 1317025 Albite-actinolite rock Dacite
the samples. Generally, the metamorphic minerals display no preferred orientation i.e. no
foliation or folding is observed. Relict primary features include olivine cumulate texture,
and blady olivine spinifex texture, where elongate olivine pseudomorphs are aligned. The
main and accessory minerals in each sample are listed in Table 2.
3.2.1 Serpentinites
Four of the serpentinite samples, PEN 15.12, PEN 16.19, PEN 26.79, and PEN 28.06, have
olivine cumulate source rocks, one, PEN 37.23, has a spinifex textured komatiite source
rock, and one, PEN 30.00, is completely hydrothermally brecciated by abundant serpentine
veins. Olivine pseudomorphs in the metacumulates are euhedral tetragonal prisms with
conchoidal fractures.
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Table 2: The main and accessory minerals of the studied samples. Main and accessory minerals are
listed in overall decreasing abundance.
Rock type Sample number Main minerals Accessory minerals
Serpentinite PEN 15.12 serpentine chlorite, carbonate, magnetite, chromite,
millerite
Serpentinite PEN 16.19 serpentine carbonate, magnetite, millerite,
chromite
Serpentinite PEN 26.79 serpentine chlorite, carbonate, magnetite, millerite,
chromite, pentlandite
Serpentinite PEN 28.06 serpentine carbonate, magnetite, hematite
Serpentinite PEN 30.00 serpentine, chlorite magnetite, chromite, hematite
Serpentinite PEN 37.23 serpentine, augite carbonate, actinolite, magnetite,
chromite, millerite
Ophiocarbonate PEN 67.96 serpentine, carbonate talc, chromite, magnetite, millerite
Ophiocarbonate PEN 68.93 serpentine, carbonate talc, magentite, hematite, chromite, mil-
lerite
Ophiocarbonate PEN 69.93 serpentine, carbonate, talc hematite, millerite, magnetite, chromite
Ophiocarbonate PEN 70.51 carbonate, serpentine, talc millerite, hematite, chromite
Ophiocarbonate PEN 211.06 serpentine, carbonate, mag-
nesiohornblende
chlorite, actinolite, talc,
Ophiocarbonate PEN 212.47 serpentine, carbonate actinolite, magnesiohornblende, talc,
chlorite, chromite, magnetite, millerite
Soapstone PEN 77.93 chlorite, carbonate, talc,
magnetite
millerite
Soapstone PEN 92.57 talc, carbonate, actinolite chlorite, magnetite, chromite, millerite
Soapstone PEN 138.20 chlorite, talc, carbonate actinolite, magnetite, chromite, millerite
Talc-actinolite rock PEN 63.36 chlorite, actinolite, carbon-
ate, talc, mica
chromite, magnetite, millerite
Talc-actinolite rock PEN 76.14 carbonate, talc, serpentine chlorite, millerite, magnetite, chromite
Talc-actinolite rock PEN 77.27 chlorite, carbonate, actino-
lite, talc, magnetite
millerite
Actinolite rock PEN 38.44 chlorite, actinolite, carbon-
ate
clinopyroxene, chromite, magnetite, mil-
lerite
Actinolite rock PEN 66.00 chlorite, carbonate, actino-
lite
serpentine, talc, magnetite, chromite,
millerite
Actinolite rock PEN 67.00 chlorite, actinolite, carbon-
ate
magnetite, chromite, millerite
Actinolite rock PEN 72.42 chlorite, carbonate, actino-
lite
talc, magnetite, millerite, chromite
Albite-actinolite rock PEN 135.88 albite actinolite, carbonate, magnetite,
hematite
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Figure 3: Photomicrographs of serpentine rich samples. a)-b) Sample PEN 15.12 displays a relict intrusive
olivine cumululate texture. Displayed in the lower, left corner is an olivine pseudomorph consisting of
serpentine that is pale yellowish green in plane polarized light (a) and nearly isotropic with crossed polars (b).
Microcrystalline magnetite is abundant in the olivine pseudomorphs due to the proximity of the macroscopic
scale carbonate-serpentine vein. The intercumulus phase surrounding the olivine pseudomorph consists of
intelocking laths of serpentine. c)-d) Sample PEN 37.23 has a relict olivine spinifex texture. Lobate areas on
the borders of the photomicrographs that appear colorless in plane polarized light (c) and have anomalous blue
low interference colors in cross polarized light (d) are serpentinized olivine megacrysts of the spinifex texture.
The central area that appears dark in plane polarized light (c) and is speckled with bight interference colors
in cross polarized light (d) is the partly serpentinized matrix of the intercumulus. The bright interference
colors belong to relict clinopyroxene. e)-f) Sample PEN 212.47 displays a relict extrusive olivine cumulus
texture. Small ( < 1 mm) serpentinized olivine pseudomorphs appear colorless in plane polarized light (e),
and display a vein-parallel fibrous habit in cross polarized light (f). The intercumulus phase appearing brown
in plane polarized light (e) and reddish brown in cross polarized ligth (f) is relict magmatic amphibole. The
mineral with bright interference colors (f) in the centers of the olivine pseudomorphs is tremolite.
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In the olivine cumulate rocks, serpentine that pseudomorphically replaces olivine
commonly displays a pale yellowish green color (Figure 3 a - b). The serpentine in
olivine pseudomorphs commonly has a striated texture, and occasionally vague hourglass
texture may be observed. Small, mostly anhedral magnetite occurs in veinlets crosscutting
olivine pseudomorphs along the concoidal fractures, but it may sometimes overprint almost
entire olivine pseudomorphs. Where macroscopic veins are present, magnetite occurs
in high concentrations around them and opaque minerals in general are associated to
the veins. Hematite is present in PEN 26.79 and PEN 28.06, where it occasionally rims
magnetite grains. Millerite is associated to magnetite and olivine pseudomorphs. Millerite
and magnetite may occur as inclusions in olivine pseudomorphs, rim them or occur in
veinlets crosscutting them.
Chromite occurs as a cumulus phase together with olivine. Chromite is euhedral, but
may have experienced some corrosion. Magnetite rims chromite grains as irregular, but
overall thin layer that may occasionally be discontinuous. Extremely thin magnetite
veins propagate along microfractures in chromite. The chromite-magnetite contact is sharp.
Corrosion clearly post dates the formation of the magnetite rim on chromite in samples PEN
15.12, and PEN 16.19, as the rimming magnetite retains the euhedral shape of chromite,
but is locally separated form the chromite core by lobate serpentine formations.
Serpentine replacing the intercumulus phase consists of microscopic, colorless, randomly
oriented fibrous laths that may occasionally be organized in radial aggregates. The
randomly oriented fibrous variety of serpentine also overprints the olivine pseudomorphs
in various degrees in the different samples thus partly obliterating the primary cumulate
texture. Chlorite is a common mineral in the intercumulus and may be discriminated from
serpentine by its slightly higher refractive index. Vein serpentine is commonly fibrous and
the fibers are oriented perpendicular to the vein wall contact. The fibers are also strictly
parallel to one another.
The brecciated sample, PEN 30.00, consists largely of microcrystalline colorless massive
serpentine and altered relict rafts of greenish microcrystalline chlorite. Disseminated,
tattered magnetite is abundant. Microcrystalline magnetite also outlines relict crystals
and serpentine vein wall contacts. Locally, magnetite grains are rimmed by thin layers of
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hematite. Considering the structure of the sample, chromite is relatively well preserved,
euhedral or skeletal. However, chromite has experienced some brittle deformation and
is rimmed by a thin layer of magnetite and incorporates minuscule magnetite veins in its
fractures.
The texture of PEN 37.23 displays elongate serpentinized parts that are interpreted to
largely represent blady olivine megacrysts of the spinifex texture (Figure 3 c - d). Relict
altered clinopyroxenes are in a serpentinized matrix between the serpentinized megacrysts.
Magnetite is concentrated on the rims of the serpentinized areas, and veins, and in
the concoidal fracture veinlets of the olivine pseudomorph texture as described above.
Millerite accompanies magnetite in low abundance. Small euhedral chromite is sparse, but
disseminated throughout the sample (Figure 4 a). Chromite is commonly rimmed by a thin,
continuous layer of magnetite.
Serpentinites may contain minor carbonate in veins. Carbonate rich veins may crosscut
entire samples (Figure 3 a - b), but small scale veinlets with disseminated carbonate
grains are more common. Carbonate veins are fine grained and may be rimmed by a talc
corona.
3.2.2 Ophiocarbonates
The ophiocarbonates are sepentinites with a varying degree of carbonate-talc overprint,
which is mainly carried by carbonate-talc±serpentine veins. Carbonate and talc tend to
form microcrystalline massive intergrowths, which occur both in veins and as general
disseminated overprint. In veins, carbonate may be found as small to medium anhedral
grains, which are deformed and altered. Talc may display fibrous crystal habit, especially
when intergrown with serpentine. Talc usually forms a narrow, discontinuous corona in the
carbonate-serpentine interface.
One of the ophiocarbonate samples, PEN 67.96, has an olivine spinifex texture. Elongate
blady megacrysts olivine pseudomorphs consist of cryptocrystalline serpentine that is
crosscut by abundant serpentine veinlets. Small anhedral magnetite is located on the
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bounderies of blady olivine pseudomorphs. Microcrystalline millerite occurs enclosed
within olivine pseudomorphs and in the microscopic veinlets crosscutting them.
Chromite has experienced some brittle deformation and some of the grains have
experienced corrosion at the boundaries. Occasional skeletal growth of chromite can
be identified. Chromite grains are rimmed by thin layers of magnetite, and thin magnetite
veinlets have developed in the fractures of the chromite grains. Overall, opaque minerals
are relatively small and sparse. The intercumulus phase is replaced by fibrous, randomly
oriented serpentine and is overprinted by patchy microcrystalline dissemination of
carbonate and talc.
Three of the ophiocarbonate samples, PEN 68.93, PEN 69.39, and 70.51, are hydrothermal
breccias with serpentinite clasts and carbonate-talc matrices. In PEN 68.93, and PEN
69.39 serpentine clasts dominate in volume but in PEN 70.51 the carbonate-talc matrix is
more dominant.
Hematite is the most common iron oxide phase in the brecciated ophiocarbonates.
Magnetite, hematite, and millerite are microcrytalline and anhedral in the brecciated
samples. They are found relatively sparsely throughout the serpentinized clasts and less
abundantly in the network of carbonate-talc-bearing veins. An exception is anhedral
millerite, which bears abundant silicate mineral inclusions in the carbonate-talc-bearing
veins. Chromite displays skeletal growth, brittle deformation, and corrosion. It is rimmed
by a discontinuous, thin layer of magnetite, and thin veins of magnetite have been formed
along chromite fractures.
The two remaining samples, PEN 211.06, and PEN 212.47, are from fine-grained olivine
cumulate rocks, which have a sparse network of carbonate veins and which are thoroughly
overprinted by microcrystalline carbonate talc dissemination (Figure 3 d - e). The relict
primary is manifested by thoroughly serpentinized olivine pseudomorphs that consist
of fibrous serpentine with fibers oriented perpendicular to small veinlets inherited from
the concoidal fracturs of olivine. Tremolite has started to grow in the centers of the
olivine pseudomorphs. Microcrystalline, anhedral magnetite and millerite occur in veinlets
crosscutting and on the surfaces olivine pseudomorphs.
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Figure 4: Photomicrographs of chromite. a) Chromite in PEN 63.36 occurs as euhedral grains that
have gradational contantact to slightly lighter gray rims indicating slightly higher iron contents near the
boundaries. b) Chromite in PEN 66.00 has been corroded and displays subhedral, lobate grain shape. The
magnetite rimming the chromite displays euhedral crystal shape. c) Chromite in PEN 92.57 displays skeletal
crystallization behavior, and is rimmed by euhedral to subhedral magnetite. d) In PEN 212.47 chromite
occurs as euhedral to subhedral grains that have discontinuous rims of magnetite with variable thickness.
The bright yellow mineral in the lower half of the figure is millerite.
The intercumulus of the pseudomorphic cumulate texture is replaced by randomly oriented
fibrous serpentine, and some primary, altered amphibole is present in the matrix. The
matrix is overprinted by carbonate-talc dissemination. Euhedral chromite (Figure 4 d) is a
cumulus phase which is also found enclosed within olivine pseudomorphs in the cumulate
textured ophiocarbonates. Magnetite rims chromite as very thin, irregular coronas. The
chromite-magnetite boundary is sharp and has a remarkably high contrast, implying that
marginal alteration has taken place in chromite.
3.2.3 Soapstones
All three soapstone samples have different textures. PEN 77.93 has a massive
microcrystalline texture of intergrown talc, chlorite, magnetite, and carbonate. Relatively
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coarse-grained areas, which permit the identification of minerals constituting the texture are
found in lobate "pockets" of small to medium carbonate grains encrusting fibrous chlorite,
and talc. The texture is interpreted to be the result of intesive hydrothermal alteration
and recrystalization. Microcrystalline, anhedral to subhedral magnetite and very minor
millertie are disseminated in the massive matrix and within the lobate pockets. Relatively
coarse, prismatic magnetite is found locally in the carbonate-silicate boundary.
PEN 92.57 has a random spinifex texture in which the non-oriented blady olivine
megacrysts are completely replaced by a microcrystalline intergrowth of talc, carbonate,
chlorite, and euhedral, small crystals of magnetite-rimmed chromian spinels (Figure 5 e-f).
Chromian spinel is mainly concentrated between the relics of blady olivine pseudomorphs
and the acicular actinolite dominated matrix. Subhedral magnetite grains have corroded,
often skeletal chromite cores. Microcrystalline, subhedral millerite occurs in the vicinity
of chromian spinels.
Actinolite is found as acicular aggragates and small elongate prisms. The matrix of the
pseudomorphic spinifex texture contains elongate prismatic actinolite is pseudomorphing
skeletal elongate pyroxene grains. The morphology of the skeletal pyroxene pseudomorphs
is locally well preseved and actinolite forms euhedral prisms. In altered areas the
oblique acicular aggregates of actinolite or talc replace pyroxene. Microcrystalline,
subhedral magnetite grains form linear aggregates interstitially to the acicular pyroxene
pseudomorphs, which is interpreted having initially been the glassy matrix of the spinifex
texture.
PEN 138.20 displays features of relict spinifex texture, where subparallel partly obliterated
platy olivine pseudomorphs are completely replaced by chlorite and locally by minor
actinolite. The matrix is dominated by microcrystalline talc. Fibrous talc and minor fibrous
and prismatic actinolite are common around the edges of the blady olivine pseudomorphs.
Aphanitic anhedral opaques are ubiquitous in the talc-rich matrix, and in talc-rich veinlets
crosscutting the blady olivine pseudomorphs. Subhedral chromian spinel grains are
arranged in bands in the massive talc-rich matrix. Occasionally tattered, euhedral, but
occasionally corroded chromite is enclosed in euhedral to subhedral magnetite that likewise
may be tattered. Magnetite is found throughout the sample as microcrystalline, euhedral
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1 mm 1 mm
PEN 63.36 i.e. 1317037 PEN 63.36 i.e. 1317037
1 mm 1 mm
2 mm 2 mm
PEN 92.57 i.e. 1317048 PEN 92.57 i.e. 1317048
PEN 66.00 i.e. 1317038 PEN 66.00 i.e. 1317037
a) b)
c) d)
e) f)
Figure 5: Photomicrographs of talc and actinolite bearing samples. a)-b) PEN 63.36 is a talc-actinolite rock
displaying a pyroxene cumulate texture. Skeletal pyroxene pseudomorphs repalced by actinolite occur as
spherical or oval grains that have right interference colors in cross polarized light. The skeletal pyroxene
grains are filled with fine intergrowths of talc and carbonate. The groundmass consists of cryptocrystalline
chrolite. c)-d) In PEN 66.00 the pyroxenen pseudomorphs replaced by actinolite are poorly preserved and
tattered. The groundmass consists of an intergrowth of chlorite, carbonate and minor talc. A carbonate
vein, appearing colorless in plane polarized light, runs across the figure vertically on the right. e)-f) The
sample PEN 92.57 is a soapstone that displays a relict spinifex texture. A carbonate-talc vein runs across the
figure. The elongate mineral with the bright interference color in cross polarized light (f) is actinolite that
pseudomorphically replaces acicular pyroxene in the matrix of the spinifex texture.
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to subhedral dissemination, when not in contact with chromite. Minor microcrystalline,
anhedral millerite occasionally accompanies magnetite. Radiating chlorite spherulites, 0.2
to 0.5 mm in diameter, are intergrown with opaques.
3.2.4 Talc-actinolite rock
Three samples, PEN 63.36, PEN 74.14, and PEN 77.27, are classified as talc-actinolite
rocks. PEN 63.36 displays a relict texture of a pyroxene cumulate where actinolite
pseudomorphs sceletal pyroxene (Figure 5 a-b). The size of the pyroxene pseudomorphs
varies from megacrysts that are approximately 20 mm long to small crystals only 0.1 mm
in diameter. The shape of the pyroxene pseudomorphs varies from elongate prisms to
spherical crystals. The skeletal pseudomorphs are filled with massive aphanitic talc and
carbonate intergrowth, fibrous talc, or undulating chlorite (Figure 5). Euhedral chromite
resides commonly close to the boundaries of the pyroxene pseudomorphs. Chromites
consist of one phase, but there is a gradual change towards the rim to a lighter color
that indicates higher magnetite content. Relatively coarse and unaltered carbonate and
anhedral, microcrystalline magnetite and minor millerite are disseminated throughout the
matrix of PEN 63.36, excluding the large scale chlorite veining which appears to post-date
carbonation. The matrix is dominated by microcrystalline massive chlorite, which also
fills veins that crosscut the whole section.
PEN 76.14 has a brecciated and somewhat schistose texture. A wedge shaped clast of
serpentinite resides in a matrix of massive talc and fibrous actinolite, which separates it
from large, stretched carbonate veins. Carbonate veins are rimmed by talc-rich zones.
Fibrous intergrowth of actinolite and colorless serpentine is situated between talc-rich zone
and serpentinite clast. The serpentine clast is crosscut by a dense network of talc veins.
Mostly vitreous serpentine has been devitrified in fibrous zones at vein contacts where fibres
are oriented perpendicular to the vein contact. In the inner parts of the vitreous serpentine
devitrification has taken place as radiating spherulites. Microcrystalline, hypidioblistic
millerite, chromite, and magnetite are present in the serpentinite clast. Chromite is rounded
and rimmed by a continuous layer of magnetite. The chromite-magnetite boundary is
gradational. Carbonated parts are almost free of opaques.
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The texture of PEN 77.27 resembles that of PEN 77.93: a massive matrix consisting of
microcrystalline chlorite, acicular actinolite, and microcrystalline, euhedral to subhedral
magnetite and minor millerite. Lobate "pockets" are filled with relatively coarse carbonate,
actinolite, talc, magnetite, chromite and millerite. Carbonate encloses all other minerals in
these lobate structures.
3.2.5 Actinolite rock
Four samples, PEN 38.44, PEN 66.00, PEN 67.00, and PEN 72.42 are classified as
actinolite rocks. PEN 38.44 displays some relict pyroxene spinifex texture in parts of the
thin section. Skeletal, blady pyroxene megacrysts are replaced by actinolite on the edges of
the crystals and by chlorite at the centers of the crystals. Quite abundant euhedral chromite
is arranged in a few bands across the sample. Chromites are enclosed in thick layers
of tattered magnetite, which has a sharp boundary to chromite. Magnetite veinlets have
formed along chromite fractures. Disseminated irregular shaped and tattered magnetite is
also present. Millerite occurs as microcrystalline dissemination enclosed in chlorite and in
magnetite. Acicular to fibrous actinolite overgrows other minerals. The matrix consists of
undulating cryptocrystalline chlorite. Carbonate forms irregular veins.
PEN 66.00 displays a relict texture of pyroxene cumulate where tattered pyroxene
pseudomorphs are replaced by actinolite (Figure 5 c-d). Morphology of pyroxene
pseudomorphs varies from skeletal prismatic to sceletal spherical. Some pseudomorphs
consist of aggragates of acicular crystals, which are often graded into prismatic grains.
Actinolite occurs in the acicular form in the matrix and in carbonate veins. The insides of
the skeletal pseudomorphs are mainly altered to chlorite and the matrix is dominated by
microrystalline intergrowths of chlorite, carbonate and talc. Chromian spinel is sparsely
disseminated throughout the sample. Corroded and deformed chromite cores are are in
sharp contact with the euhedral magnetite rims. Anhedral, microcrystalline magnetite forms
aggregates that are disseminated throughout the sample along with minor microcrystalline,
anhedral millerite. Carbonate veins and relatively coarse carbonate are also found within the
cores of skeletal pyroxene pseudomorphs. Talc is always intergrown with carbonate.
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Patches of cryptocrystalline chlorite are partially overprinted by randomly oriented acicular
actinolite and granular carbonate. The early metamorphic products seem to have been
chlorite and actinolite which are overprinted by carbonate and minor amounts of talc
associated with it. Part of the thin section consists of a set of carbonate veins that largely
obliterate the relict pyroxene cumulate texture. The core of veins is a fibrous intergrowth
of carbonate, actinolite, and chlorite, which encloses a minor amount of granular carbonate.
The core is surrounded by a chlorite rich matrix that hosts second generation carbonate
veins, which are 0.1 - 0.5 mm in diameter. Rerpendicular to those are actinolite rich veins,
also 0.1 - 0.5 mm in diameter.
PEN 67.00 does not have any primary texture apart from magnetite, which is found as
irregular aggregates aligned in linear manner resembling spinifex texture. Disseminated
magnetite is also found in the sample. Disseminated, microcrystalline, subhedral millerite
is found in the vicinity of magnetite accretions and disseminated magnetite. Subhedral
chromite grains are correded around the boundaries and along fractures and rimmed by an
irregular magnetite layer. Chromite-magnetite boundary is sharp and magnetite veinlets
propagating along chromite fractures are thin in general.
The majority of sample PEN 67.00 is thoroughly overprinted by massive cryptocrystalline
carbonate. The sample is also crosscut by quite a high number of veins. The first in
chronological order seem to be approximately 0.5 to 1 mm wide irregural chlorite and
serpentine veins. The chlorite and serpentine in veins are cryptocrystalline and often
isotropic or close to isotropic. Opaque minerals may occur on the boundaries of the
chlorite and serpentine veins.
The chlorite and serpentine dominated veins are crosscut by actinolite dominated veins.
Actinolite in these veins is fibrous subperpendicular to the vein contacts. Subparallel to
these are calcite dominated veins that have calcite rich cores and chlorite dominated rims.
The calcite in these veins is elongated so that the longest axes is perpendicular to the vein
contact. Chlorite fibres are perpendicular to the vein contact.
The actinolite dominated veins and subparallel carbonate dominated veins are crosscut
by a actinolite-cabonate-chlorite vein. Carbonate forms the core of this vein and the core
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is rimmed by fibrous actinolite in a vein wall perpendicular orientation. Where minor
chlorite is present its fine fibers are oriented vein parallel. The matrix of the rock consist
of a chlorite overprinted by microcrystalline carbonate and randomly oriented actinolite,
which is found as aggregates of acicular crystals, rectangular and prismatic grains.
PEN 72.42 is quite similar to PEN 67.00. The main constituting minerals are chlorite,
serpentine, actinolite, and carbonate. In addition there is minor talc. Anhedral, small to
microcrystalline magnetite overgrows the pyroxene and olivine psudomorphsand is found
at their boundaries. Microcrystalline euhedral to subhedral millerite commonly occurs in
contact with or enclosed within magnetite.
The spherical areas may represent vesicles that have been filled with serpentine during
sea-floor hydration or droplets of ultramafic volcanic glass that has been devitrified and
altered to serpentine. The relict texture of olivine and pyroxene megacrysts is poorly
preserved and only partly recognizable. Clorite and serpentine occur as cryptocrystalline,
microcrystalline, and randomly oriented fibrous grains, and as radial and concentric
spherules.
Actinolite is found as randomly orientes acicular aggragates, prismatic, and occasionally
rhombohedral grains. Carbonate overgrows other minerals as microcrystalline mass on
grain boundaries, fractures of the pseudomorphs, and in tiny veinlets. Minor talc is found
as microcrystalline mass. Chromite is microcrystalline, brittlely deformed, and slightly
corroded at the boundaries and subsequently rimmed by magnetite. Chromite-magnetite
boundary is sharp.
4 ANALYTICAL METHODS
4.1 XRF
The samples were treated with a diamond abrasive disc to remove traces of metal from
the drilling. The samples were broken to smaller pieces with a hammer on a steel plate
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wrapped in strong plastic to minimize contamination. The samples were washed in acetone
and treated with a ultrasonic apparatus for five minutes in the acetone. Then the samples
were sieved with a 2 mm sieve to remove the fine grained fraction and reduce the amount
of possible contamination from the hammer and steel plate. The sieved samples were
washed using milli-Q water and rinsed with a mixture of ethyl alcohol and acetone.
30 grams of each sample was ground to powder in a Fritsch Pulverisette 6 tungsten carbide
ball mill. The grinding time varied from 15 to 45 min and the rotational speed varied from
400 to 300 rpm. A droplet of ethyl alcohol was added into the mill with the sample to
enhance the process. The ball mill was washed with fine quarzite gravel between every
sample. Glassy XRF preparates were melted from LOI treated powder. 6 g of fluxing agent
(composition 49.75 % Li2B4O7, 49.75 % LiBO2, 0.50 % LiBr) and 0.6 g of powdered
LOI treated sample were weighted, mixed, and melted with a Claisse M4 Fluxer at 1000
◦C in Pt-Au crucible and poured into a Pt-Au mold and cooled. The XRF analyses were
conducted at the University of Helsinki using a PANalytical Axios mAX 4 kW, Wavelength
Dispersive X-Ray fluorescence spectrometer.
4.2 LOI
Quartz crucibles were ignited in the oven for 45 min and cooled in an exicator. 1.2 g of each
sample was weighed in to the crucibles. Six samples had a double (i.e. the same sample
was weigthted into two crucibles) and one crucible was ignited empty as a control. The
samples were ignited in 1000 ◦C for 3 hours and cooled in an exicator and weighed.
4.3 XRD
A small fragment was detached from each sample and powdered in a an agate mortar.
The powdered samples were mounted on flat glass plate holders. This method of sample
preparation results in a quasi-randomly oriented mount (it is impossible to overcome the
at least partial orientation of platy and elongate minerals) with slightly varying grain size
(i.e. grains of harder minerals probably tend to be coarser than those of soft minerals and
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average grains size between different mounts may vary). The samples are very fine grained,
so that the preparate is fairly representative of the main phases of the rock, although the
data should be interpreted as merely qualitative.
The samples were analyzed at the X-ray laboratory of the University of Helsinki, the
Department of Geosciences and Geography with PANalytical X’Pert3 Powder that uses
Cu Kα X-rays. Diffractograms were recorded at 2-theta angles from 5.000 to 74.990
degrees with a step size of 0.030 degrees and a 3.00 second counting time per step. The
filament voltage and current used in the X-ray tube used during analysis were 40 kV and
40 A.
Peak search and fitting of reference patterns to the extracted diffractograms was carried
out using the Panaltical Highscore 4.0 software. The database PDF-4 Minerals by the
International Centre for Diffraction Data (ICDD) was used for the extration of reference
patterns.
4.4 EPMA
Electron probe microanalyses (EPMA) were conducted using the Jeol JXA-8600 at the
Department of Geosciences and Geography, University of Helsinki. The samples were
carbon coated prior to the analysis. Both energy dispersive spectroscopy (EDS) and
wavelength dispersive spectroscopy (WDS) were performed. EDS is non-calibrated, and
analytical error related to EDS analyses is unconstrained. EDS analyses were aquired
with an accelaration voltage of 15 kV and beam current of 1 nA. The WDS analyses were
aquired with an accelaration voltage of 15 kV and beam current of 15 nA. A focused beam
was used for both EDS and WDS analyses.
4.5 SEM
Scanning Electron Microscopy (SEM) was performed at the Geological Survey of Finland
in Espoo (GTK). The SEM model JEOL JSM5900 LV equipped with an energy dispersive
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X-ray spectrometer (EDS) was used. The EDS is operated with the INCA Feature phase
detection and classification software.
4.6 Raman spectroscopy
Raman specroscopy was conducted at the Department of Chemistry in the Laboratory of
Inorganic Chemistry at the University of Helsinki. Raman spectra were collected with a
Horiba Jobin Yvon LabRAM HR800 confocal Raman microscope equipped with 488 nm
Ar-ion exitation laser and CCD camera. The laser power at the sample was approximately
10 mW. Raman spectra were collected using a 100-power objective which provides an X-Y
resolution of approximately 1 micrometer. The spectral resolution is 2 cm-1.
4.7 Fluid inclusion microthermometry
Doubly polished wafers with a thickness of 50 µm were prepared for fluid inclusion studies.
Fluid inclusion microthermometry was conducted at the Geological Survey of Finland in
Espoo using the Linkam heating-freezing stage and microscope.
Some fluid inclusions were poorly visible due to the small size of the inclusions, high
birefringence of the host carbonate, and large difference between the refractive indexes
of the inclusions and the carbonate. Homogenization temperatures of the poorly visible
inclusions were collected using stepwise heating. The approach was such that when the
bubble in the inclusion had become too small to be seen with certainty, the inclusions was
heated in steps of three to five degrees. After each step the temperature the inclusion was
allowed to cool down and the bubble behavior was observed for whether the bubble would
gradually grow back or if it would suddenly reappear after some degree of undercooling.
When sudden reappearance after undercooling was observed, the arithmetic mean of the
last two steps was recorded as the homogenization temperature.
Vigorous bubble movements around final melting temperatures were detected in some of
the fluid inclusions. This happens when the final diminishing ice is attached to the bubble
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and it moves around dragging the bubble behind it. When the ice has disappeared the
bubble is released and the movement stops quite suddenly. When final melting of ice was
not directly observed, this kind of bubble behavior infers the final melting temperature.
Inferred final melting temperatures are not reported in this study, but they are referred to as
additional information in order to evaluation of the validity of the dataset.
5 RESULTS
5.1 XRF and LOI
The whole-rock compositions of representative samples from each metamorphic ultramafic
rock type determined by XRF and LOI are shown in Table 3. The results are normalized to
100 %. For a full list of analyses, see Appendix 1. Sample PEN 135.88 is the only felsic
sample and differs from the rest of the studied samples significantly and is excluded from
the following discussion.
The SiO2 contents of the ultramafic samples ranges from 32.45 to 49.08 wt-% averaging
at 41.05 wt-%. MgO contents range from 17.20 to 40.30 wt-% averaging at 30.48 wt-%.
LOI values range from 6.17 to 17.55 wt%. The highest LOI value, 17.55 wt-%, was
obtained from the most carbonate rich sample, PEN 70.51. Serpentine rich samples yielded
values ranging from 9.55 to 12.48 wt-%, and talc rich samples yielded values ranging from
6.17 to 8.61 wt-%. FeO contents vary from 4.93 to 11.70 wt-% averaging at 8.63 wt-%.
CaO contents vary widely from 0.06 to 18.10 wt-% averaging at 5.16 wt-%. The highest
contents of CaO are in actinolite and talc-actinolite rocks (4.10 - 18.10 wt-%) and in one
ophiocarbonate (15.13 wt-%). The lowes CaO contents are in serpentinites (0.06 - 1.75
wt-%). Al2O3 contents vary from 0.92 to 8.55 wt-% averaging at 3.01 wt-%.
The ultramafic samples are virtually barren of alkalis except for PEN 63.36 that contains
1.70 wt-% K2O. The rest of the K2O vary from below detection limit to 0.07 wt-%. Na2O
contents vary from 0 to 0.039 wt-%. TiO2 contents vary from 0.07 to 0.54 wt-%. MnO
contents range from 0.06 to 0.34 wt-%. P2O5 contents are overall very low ranging from
below detection limit to 0.09 wt-%.
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Cr and Ni are minor elements in the majority of studied samples, their concentrations are
given as oxide wt-%, and for convention and to enable comparisons also as element ppm
in Table 3. Cr varies from 680 to 7300 ppm (averaging at about 2500 ppm) and Ni varies
from 251 to 3051 ppm (averaging at 1831 ppm). Cr and Ni are typically high in komatiitic
rocks and the results of the studied samples mostly fall within typical ranges.
Table 3: Representative XRF analyses of examined rock types. Oxide percentages of major elements are
normalized to 100 wt-%. The notation (c) indicates values that have been recalculated to oxide wt-%
based on element contents in ppm.
Serpentinite Actinolite rock Ophiocarbonate Talc-actinolite rock Soapstone
PEN 26.79 PEN 66.00 PEN 67.96 PEN 77.27 PEN 77.93
1317031 1317038 1317040 1317046 1317047
SiO2 % 39.29 37.32 39.41 45.01 45.44
TiO2 % 0.17 0.43 0.17 0.30 0.31
Al2O3 % 1.77 4.82 1.82 3.09 3.42
FeO % 7.14 9.82 10.08 9.18 9.87
MnO % 0.09 0.23 0.11 0.15 0.13
MgO % 39.21 17.20 34.90 25.35 26.84
CaO % 0.16 18.10 0.92 8.10 4.82
Na2O % <0.039 0.08 <0.039 0.05 0.04
K2O % <0.008 0.05 <0.008 0.04 0.02
P2O5 % 0.02 0.04 0.01 0.03 0.03
Cr2O3(c) % 0.20 0.23 0.95 0.27 0.29
NiO(c) % 0.25 0.03 0.27 0.16 0.17
LOI % 11.71 11.65 11.36 8.27 8.61
SUM % 100 100 100 100 100
V ppm 54 165 65 101 109
Cr ppm 1548 1745 7326 2037 2165
Ni ppm 2233 251 2374 1332 1439
Cu ppm <32.5 56 <32.5 <32.5 91
Zn ppm 24 80 85 47 85
Rb ppm <13.6 <13.6 <13.6 <13.6 <13.6
Sr ppm <6.1 227 <6.1 36 48
Y ppm <3.6 20 15 11 11
Zr ppm 22 42 11 22 17
Nb ppm <4.9 6 <4.9 <4.9 <4.9
Ba ppm 22 <20.6 38 25 25
La ppm <24.3 <24.3 <24.3 <24.3 <24.3
Ce ppm 34 <16.1 <16.1 25 19
U ppm <11.7 <11.7 <11.7 <11.7 <11.7
The examined rocks are characterized by extremely high MgO contents and very low
CaO contents. According to Arndt et al. (2008) MgO contents can be up to 38 wt-%
on anhydrous bases in the lowest olivine cumulate parts of komatiite flows. Volcanic
rocks with less than 52 % SiO2, less than 3 % Na2O+K2O, and more than 12 % MgO on
anhydrous basis normalized to 100 % have a separate high-Mg chemical classification
(Streckeisen et al. 2002). One of the ultramafic samples, PEN 138.20, has a SiO2 content
that exceeds that limit at the value 52.4 wt-%. It should thus be classified as a basaltic
andesite, but as it is clearly associated with komatiites and its SiO2 is likely to have
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increased during metasomatism (alkali leaching) it will be treated together with the other
ultramafic rocks. According to the classification of high-Mg rocks all of the samples have
either komatiite or dunite protoliths.
5.2 XRD
XRD results represent the main mineral compositions of the analyzed rocks, although
it should be noted that there is some uncertainty in the XRD results as they were done
on very small volumes of sample and it is not entirely certain that the mounts were
thoroughly unoriented. Rock type classification and assignment is based on thin section
examinations and the small sample size used in XRD analysis explains much of the
seemingly contradictory rock type names and mineral compositions.
According to the XRD results (Table 4), all of the serpentinite samples contain serpentine
and magnetite. Half of them contain clinochlore, one contains carbonate, and one
contains a sufficient amount of pyroxene to exceed the detection limit of whole rock
XRD. Ophiocarbonates all contain carbonate minerals, serpentine, and talc, with the
exeption of one analyzed sample which did not contain carbonate. Some opihocarbonates
contain clinochlore or magnetite that can be detected with XRD.
All soapstone XRD results contain clinochlore and talc. Ilmenite, tremolite-actinolite, and
carbonate were detected in two out of three soapstones. XRD results of talc-actinolite
rocks all contain carbonate and clinochlore. Seemingly paradoxically only two of three
XRD results contain tremolite-actinolite, and only two of three contain talc. Magnetite,
mica, and serpentine were each detected in one of the talc-actinolite rocks. All XRD results
of actinolite rocks contain carbonate, clinchlore, and tremolite-actinolite. In addition,
ilmenite, magnetite, pyroxene, serpentine and talc were detected. A full list of X-ray
diffractograms is provided in Appendix 2.
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Table 4: Qualitative and tentative whole rock XRD results.
Sample n:o Thin section n:o Minerals detected
by whole rock
XRD
Sample n:o Thin section n:o Minerals detected
by whole rock
XRD
Serpentinite Soapstone
PEN 15.12 1317027 clinochlore PEN 77.93 1317047 carbonate
serpentine clinochlore
magnetite magnetite
PEN 16.19 1317028 carbonate talc
serpentine tremolite-
actinolite
magnetite PEN 92.57 1317048 carbonate
PEN 26.97 1317031 clinochlore clinochlore
serpentine ilmenite
magnetite talc
PEN 28.06 1317033 serpentine tremolite-
actinolite
magnetite PEN 138.20 1317026 clinochlore
PEN 30.00 1317034 clinochlore ilmenite
serpentine talc
magnetite Talc-actinolite
rock
PEN 37.23 1317035 pyroxene PEN 63.36 1317037 carbonate
serpentine clinochlore
magnetite mica
Ophiocarbonate tremolite-
actinolite
PEN 67.96 1317040 carbonate PEN 76.14 1317045 carbonate
serpentine clinochlore
magnetite serpentine
talc talc
PEN 68.93 1317041 carbonate PEN 77.27 1317046 carbonate
serpentine clinochlore
talc magnetite
PEN 69.93 1317042 carbonate talc
serpentine tremolite-
actinolite
talc Actinolite rock
PEN 70.51 1317043 carbonate PEN 38.44 1317036 carbonate
serpentine clinochlore
talc ilmenite
PEN 211.06 1317029 carbonate pyroxene
clinochlore tremolite-
actinolite
magnesiohornblende PEN 66.00 1317038 carbonate
serpentine clinochlore
magnetite serpentine
talc tremolite-
actinolite
PEN 212.47 1317030 clinochlore PEN 67.00 1317039 carbonate
serpentine clinochlore
magnetite magnetite
talc tremolite-
actinolite
Albite-actinolite
rock
PEN 72.42 1317044 carbonate
PEN 135.88 1317025 albite clinochlore
tremolite-
actinolite
talc
tremolite-
actinolite
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5.3 EPMA
Six samples were analysed with the EPMA: two were serpentinites and one from each of
the four remaining ultramafic rock types.
5.3.1 Amphibole group
Four of the analysed samples contain amphibole group minerels. According to amphibole
nomenclature by Hawthorne et al. (2012), all of the analysed amphiboles belong to
the calcium amphibole subgroup. A-site occupancy ranges from 0 per formula unit
(pfu) to 0.621 pfu and is generally very low with a median value 0.010 pfu. Most of
the analysed amphiboles belong to the tremolite-ferro-actinolite series, the rest being
magnesiohornblendes, pargasites, and one sadangaite. Selected amphibole analyses from
each analysed sample are provided in Table 5.
Most of the analyzed amphibole is metamorphic, but in PEN 212.47 there is also relict
primary amphibole, which displays arrested breakdown reaction to serpentine. The
breakdown of relict primary amphibole apparently entails some leaching of Ca2+. The
relict primary amphiboles are classfied as pargasite, and in one case magnesiohornblende.
The primary amphibole differ in composition from the metamorphic in that they have on
average lower Si and Fe2+ contents; higher Al, Ti, Fe3+ Cr, and Ni contents; and higher A
and B site occupancies. Overall, primary amphibole compositions are much more uniform
than those of metamorphic amphiboles, but primary amphiboles were analyzed from only
one sample.
The T site composition of metamorphic amphibole in all of the analyzed samples varies
in the following ranges: Si varies from 6.915 to 8.086 pfu and AlIV varies between 0.000
and 1.085 pfu. The C site composition in metamorphic amphibole varies as follows: Ti
ranges from 0.000 to 0.026 pfu, AlVI ranges from 0.000 to 0.316 pfu, Cr varies between
0.000 and 0.094 pfu, Fe3+ varies from 0.000 to 1.043 pfu, Fe2+ varies from 0.000 to 1.261
pfu, Mn ranges from 0.005 to 0.040 pfu, Mg varies between 3.287 and 4.728 pfu, and Ni
varies from 0.000 to 0.013 pfu. The compositional variation in the B site is within the
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Table 5: Selected amphibole analyses. Abbreviations are act = actinolite, magn = magnesiohornblende,
parg = pargaite, term = tremolite, and sad = sadangaite. The notation (c) indicates calculated values.
PEN 63.36 PEN
66.00
PEN 92.57 PEN 212.47
Act Magn Sad Act Act Magn Trem Magn Parg Trem
SiO2 56.54 50.52 48.73 55.87 58.23 55.61 57.99 47.04 44.54 59.49
TiO2 0.03 0.23 0.24 0.01 0.03 0.02 0.00 2.30 3.06 0.03
Cr2O3 0.03 0.83 0.52 0.47 0.01 0.00 0.00 0.44 0.74 0.06
Al2O3 0.52 5.71 6.92 0.59 0.25 2.49 0.36 8.65 10.46 0.07
Fe2O3(c) 2.33 4.15 13.59 2.63 3.47 5.38 3.98 5.57 4.14 2.47
FeO(c) 7.50 7.97 0.00 8.35 2.54 4.13 1.97 0.92 2.69 0.00
NiO 0.01 0.00 0.03 0.00 0.02 0.10 0.00 0.08 0.13 0.09
MnO 0.30 0.13 0.11 0.33 0.13 0.23 0.14 0.07 0.09 0.12
MgO 18.19 15.44 17.51 17.17 20.78 18.08 21.04 18.33 16.74 23.46
CaO 12.10 11.33 6.70 11.82 11.80 11.12 11.76 10.69 10.50 12.08
Na2O 0.46 1.73 0.58 0.51 0.25 0.73 0.39 2.90 3.28 0.06
K2O 0.11 0.36 3.32 0.05 0.03 0.03 0.07 0.24 0.22 0.00
F 0.12 0.04 0.15 0.11 0.06 0.10 0.10 0.03 0.05 0.00
H2O(c) 2.08 2.08 2.04 2.06 2.15 2.10 2.13 2.10 2.06 2.22
O=F 0.05 0.02 0.06 0.05 0.02 0.04 0.04 0.01 0.02 0.00
Sum Ox% 100.27 100.51 100.37 99.94 99.73 100.08 99.89 99.35 98.68 100.15
Cations on the basis of 23 O2- equivalents.
Si 7.937 7.217 6.915 7.914 8.019 7.750 7.974 6.667 6.416 8.041
AlIV 0.063 0.783 1.085 0.086 0.000 0.250 0.026 1.333 1.584 0.000
Sum T 8.000 8.000 8.000 8.000 8.019 8.000 8.000 8.000 8.000 8.041
Ti 0.003 0.025 0.026 0.001 0.003 0.002 0.000 0.245 0.332 0.003
Cr 0.003 0.094 0.058 0.052 0.001 0.000 0.000 0.049 0.084 0.006
AlVI 0.022 0.179 0.072 0.012 0.041 0.159 0.032 0.112 0.191 0.011
Fe3+ 0.246 0.446 1.452 0.280 0.359 0.564 0.412 0.594 0.449 0.252
Fe2+ 0.881 0.952 0.000 0.989 0.293 0.482 0.226 0.110 0.324 -
Ni 0.001 0.000 0.003 0.000 0.002 0.011 0.000 0.009 0.015 0.010
Mn 0.036 0.016 0.013 0.040 0.015 0.028 0.017 0.009 0.011 0.014
Mg 3.807 3.287 3.703 3.626 4.265 3.755 4.312 3.873 3.594 4.728
Sum C 4.999 4.999 5.327 5.000 4.979 5.001 4.999 5.001 5.000 5.024
Sum C - 5 0.000 0.000 0.327 0.000 0.000 0.001 0.000 0.001 0.000 0.024
Ca 1.820 1.735 1.019 1.794 1.741 1.660 1.733 1.624 1.620 1.749
Na 0.126 0.265 0.159 0.141 0.066 0.198 0.104 0.375 0.380 0.015
Sum B 1.946 2.000 1.505 1.935 1.807 1.859 1.837 2.000 2.000 1.788
Na 0.000 0.214 0.000 0.000 0.000 0.000 0.000 0.422 0.536 0.000
K 0.019 0.066 0.600 0.010 0.006 0.004 0.012 0.043 0.040 0.000
Sum A 0.019 0.280 0.600 0.010 0.006 0.004 0.012 0.465 0.576 0.000
F 0.052 0.017 0.067 0.051 0.024 0.045 0.045 0.014 0.023 0.000
OH 1.948 1.983 1.933 1.949 1.976 1.955 1.955 1.986 1.977 2.000
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following ranges in metamorphic amphiboles: Ca ranges from 1.019 to 2.001 pfu and Na
varies from 0.000 to 0.265 pfu. In the A site Na ranges from 0.000 to 0.339 pfu and K
ranges from 0.000 to 0.600 pfu. In the W site F ranges between 0.000 to 0.149 pfu and OH
varies between 1.851 and 2.000 pfu.
The more uniform composition of the relict primary amphibole shows the following
variation: In the A site, Na varies from 0.422 to 0.588 pfu, and K varies from 0.033 to
0.043 pfu. In the B site, Na varies from 0.324 to 0.425 pfu, and Ca ranges from 1.575
to 1.676 pfu. In the C site, Ti ranges from 0.245 to 0.375 pfu, AlVI ranges from 0.112 to
0.191 pfu, Cr varies between 0.039 and 0.116 pfu, Fe3+ varies from 0.349 to 0.636 pfu,
Mn varies from 0.006 to 0.014 pfu, Mg ranges from 3.578 to 3.873 pfu, and Ni varies
between 0.009 and 0.022 pfu. In the T site, Si ranges from 6.366 to 6.667 pfu, and AlIV
varies from 1.333 to 1.634 pfu. In the W site F varies between 0.001 and 0.117, and OH
ranges from 1.883 and 1.999 pfu.
Primary amphibole has all full B site occupancies and A site occupancy ranging from
0.422 to 0.588 pfu. All except the one A site occupancy, a magnesionhornblende, exceed
0.5 and are thus classified as pargasites. Metamorphic amphibole has overall very low
A site occupancy. Only one metamorphic sadangaite has an A site occupancy exceeding
0.5 pfu. Other metamorphic amphibole has A site occupancies ranging from 0.000 to
0.353 pfu with a median 0.010 pfu. Metamorphic amphibole has remarkably low B site
occupancies ranging from 1.505 to 2.001 pfu with a median value 1.888 pfu.
5.3.2 Serpentine group
Three of the analysed samples where serpentine bearing: PEN 15.12, PEN 212.47, and
PEN 37.23. Selected analyses from each serpentine bearing sample are provided in Table 6.
Serpentine analyses tend to have quite high Si contents, mostly greater than 2 pfu, because
antigorite is a significant or the dominant phase of the serpentine group in the studied
sample. Serpentine formulas are, nonetheless, calculated based on seven O2− equivalents,
which corresponds to the ideal serpentine formula, for convention and because the exact
antigorite polysome is unknown.
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Table 6: Selected serpentine analyses representing variable serpentine textures. The notation (c) indicates
calculated values.
PEN 15.12 PEN 212.47 PEN 37.23
Crypto-
crystalline
olivine
pseudo-
morph
Interlocking
serpentine
laths in
the inter-
cumulus
Olivine
psedo-
morph
consisting
of parallel
fibres
Randomly
oriented
fibrous
intercum-
ulus
Interlocking
fibrous
mass
Centre of
large, sam-
ple cross-
ing vein
SiO2 42.55 41.94 42.45 43.23 44.22 43.30
TiO2 0.06 0.14 0.00 0.08 0.07 0.00
Cr2O3 0.08 0.04 0.03 0.08 0.11 0.19
Al2O3 0.87 1.62 1.16 0.60 0.97 0.58
Fe2O3 2.34 3.26 8.12 8.52 3.44 4.21
NiO 0.20 0.16 0.10 0.16 0.22 0.19
MnO 0.05 0.02 0.09 0.08 0.09 0.03
MgO 40.65 40.8 34.72 34.63 38.84 39.26
CaO 0.01 0.01 0.02 0.03 0.02 0.02
Na2O 0.02 0.00 0.00 0.05 0.00 0.00
K2O 0.02 0.00 0.01 0.02 0.03 0.00
H2O(c) 12.87 12.99 12.69 12.78 13.06 12.96
Sum Ox% 99.71 100.99 99.39 100.25 101.09 100.76
Cations on the basis of seven O2- equivalents.
Si 1.982 1.936 2.006 2.028 2.030 2.003
AlIV 0.018 0.064 0.000 0.000 0.000 0.000
Sum Z 2.000 2.000 2.006 2.028 2.030 2.003
AlVI 0.029 0.024 0.065 0.033 0.052 0.032
Ti 0.002 0.005 0.000 0.003 0.003 0.000
Cr 0.003 0.001 0.001 0.003 0.004 0.007
Fe3+ 0.082 0.113 0.289 0.301 0.119 0.147
Ni 0.007 0.006 0.004 0.006 0.008 0.007
Mn 0.002 0.001 0.004 0.003 0.003 0.001
Mg 2.822 2.807 2.446 2.421 2.658 2.706
Ca 0.000 0.001 0.001 0.002 0.001 0.001
Na 0.002 0.000 0.000 0.004 0.000 0.000
K 0.001 0.000 0.001 0.001 0.002 0.000
Sum X 2.950 2.958 2.811 2.777 2.850 2.901
OH 4.000 4.000 4.000 4.000 4.000 4.000
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The following compositional variations were detected in serpentines: In the Z site Si ranges
from 1.936 to 2.105 pfu with a median value 2.021 pfu, and AlIV ranges from 0.000 to
0.064 with seven out of 32 analysis points having some AlIV in the Z site. In the X site
AlVI ranges from 0.000 to 0.101 pfu with a median value 0.04 pfu, Ti varies between 0.000
and 0.006 pfu with a median value 0.002 pfu, Cr varies from below detection limit to 0.016
pfu, Fe3+ ranges from 0.029 to 0.342 pfu with a median value 0.125 pfu, Mg varies from
2.271 to 2.822 pfu, Ca ranges from 0.000 to 0.051 pfu, Ni varies between 0.002 to 0.008
pfu, Na ranges from 0.000 to 0.017 pfu, Mn ranges from 0.000 to 0.008 pfu, and K varies
from 0.000 to 0.0004 pfu. OH was calculated to be 4 pfu in all analysis points.
As discussed above, antigorite is a significant serpentine phase. Thus a vast majority of the
Z sites are overfull due to high Si values, but X sites have all some degree of vacancy as
their occupancies range from 2.734 to 2.969 pfu. This reflects the lower Mg/Si ratio of
antigorite in comparison to lizardite and chrysotile.
5.3.3 Spinel group
Chromian spinel with chromite cores and with with or without magnetite rims occur in all
of the analysed samples. Selected analyses of chomite magnetite pairs or chromite from
each analyzed sample are provided in Table 7.
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Chromite composition in the Y formula site varies within the following ranges: Cr in
chromite varies between 0.768 and 1.736 pfu, Al is quite high ranging from 0.143 to 0.419
pfu, Fe3+ varies from 0.076 to 0.560 pfu, Si ranges from 0 to 0.034 pfu, and Ti varies
between 0.004 and 0.140 pfu. In the X formula site the compositions of chromite varies as
follows: Fe2+ ranges from 0.457 to 1.036 pfu, Mn varies between 0.006 and 0.106 pfu, Mg
varies between 0.008 and 0.536 pfu, Zn varies from 0.001 to 0.083 pfu, and Ni ranges from
0.000 to 0.010 pfu. There are some significant variations between rock types. Chromite
in the ophiocarbonate sample PEN 212.47 is lower in Cr, and higher in Fe3+ and Al than
other rock types on average.
Magnetite is compositionally more homogeneous than chromite. Composition of magnetite
in the Y formula site varies within the following ranges: Fe3+ varies between 1.767 and
1.998 pfu; Cr varies between 0.000 and 0.209 pfu, where the high value is a solitary outlier
and the rest of the Cr values do not exceed 0.083 pfu; Al is generally very low ranging
from 0 to 0.024 pfu; Si ranges from 0.000 to 0.084; and Ti varies between 0.000 and 0.002
pfu. In the X formula site magnetite composition varies as follows: Fe2+ ranges from
0.934 to 1.015 pfu, Mn ranges between 0.000 and 0.099 pfu, Mg varies from 0.000 to
0.099 pfu, Zn varies from 0.000 to 0.006 pfu, and Ni ranges from 0.000 to 0.042 pfu.
5.3.4 Carbonate group
Selected carbonate analyses from samples PEN 15.12, PEN 63.36, PEN 66.00, PEN
92.57, and PEN 212.47 are presented in Table 8. The carbon contents of carbonates are
slightly exaggerated due to the carbon coating of the samples prior to analysis. The cation
ratios, particularly the ratio of Ca and Mg, are nonetheless considered useful as they may
provide some insight to the compositions of the fluid from which the carbonates were
precipitated.
The serpentinite sample PEN 15.12 has carbonate compositions intermediate between
magnesite and dolomite. Samples PEN 63.36, PEN 66.00, PEN 92.57, and PEN 212.47
have compositions that uniformly correspond to calcite, the Ca/(Ca + Mg) values varying
between 0.81 and 1 with an average value of 0.96.
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Table 8: Selected analyses of carbonates.
PEN 15.12 PEN 63.36 PEN 66.00 PEN 92.57 PEN 212.47
1317027 1317037 1317038 1317048 1317030
CO2 52.99 47.7 53.42 54.03 51.13
SiO2 8.85 - - - 5.92
Al2O3 0.25 - - - 0.37
FeO 0.44 - 0.47 - 1.07
MnO - - - 0.44 -
MgO 21.55 - 0.55 0.21 -
CaO 15.59 52.3 45.56 45.32 35.9
Na2O 0.32 - - - 5.6
Sum Ox% 99.99 100 100 100 99.99
Cations on the basis of six or three O2- equivalents.
O 6 3 3 3 3
C 2.04 1.05 1.12 1.12 1.06
Si 0.25 - - - 0.09
Al 0.01 - - - 0.01
Fe 0.01 - 0.01 - 0.01
Mn - - 0.01 -
Mg 0.91 - 0.01 0.005 -
Ca 0.47 0.90 0.75 0.74 0.59
Na 0.02 - - - 0.17
Cation sum 3.71 1.95 1.12 1.88 1.93
Cation sum - C 1.67 0.90 0.76 0.87
Ca/(Ca+Mg) 0.34 1 0.99 0.99 1
5.3.5 Chlorite group
Selected chlorite analyses from samples PEN 15.12, PEN 63.36, and PEN 66.00 are
presented in Table 9. Chlorites compositions were analysed by non-calibrated EDS
spectroscopy, and the magnitude of error is unconstrained. However, the data are relatively
uniform and reasonable in light of the formula unit occupancies that the analyses are
considered relatively reliable.
All analyzed chlorite compositions correspond to clinochlore. Si contents of the analyzed
chlorites vary from 3.06 to 3.33 pfu, Al varies from 1.5 to 2.08 pfu, Fe varies between 0.21
and 1.23 pfu, and Mg varies between 3.43 and 4.9. In addition minor amounts of Ti, Cr,
Ca, Ni, Na, and K were detected in some of the chlorite analysis points.
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Table 9: Selected chlorite analyses.
PEN 15.12 PEN 63.36 PEN 66.00 PEN 66.00
1317027 1317037 1317038 1317038
SiO2 40.3 36.26 36.93 35.24
TiO2 0.39
Al2O3 15.6 19.86 19.12 20.17
FeO 3.06 15.94 14.96 16.93
MgO 40.4 27.65 28.98 27.38
NiO 0.23
Na2O 0.3 0.3
Sum Ox% 100 100 100 100
Cations on the basis of 14 O2- equivalents.
Si 3.28 3.13 3.16 3.06
Ti 0.02
Al 1.5 2.02 1.93 2.06
Fe 0.21 1.15 1.07 1.23
Mg 4.9 3.55 3.7 3.54
Ni 0.02
Na 0.05 0.05
Sum IV cat 4 4 4 4
Sum VI cat 5.93 5.9 5.86 5.94
5.4 Mineral geothermometry
Metamorphic tempertatures were calculated using the chlorite geothermometer by
Bourdelle et al. (2013) and Bourdelle and Cathelineau (2015). Results of chlorite
geothermometry are depicted in Figure 6. The geothermometer of Bourdelle et al. (2013)
yields temperatures in the range of T = 136 - 264 ◦C. The lowest value T = 136 ◦C may
be erroneous due to an abnormally high Ca content in the experimental chlorite formula
that may have resulted from grain boundary effects and calcium carbonate interference
in the EDS analysis. If the lowest value is eliminated the range is T = 165 - 264◦C. The
average value of the chlorite geothermometry values excluding the outlier at T = 136 ◦C is
197 ◦. These values can be considered maximum estimations of the chlorite equilibration
temperatures as the samples are devoid of quarts and an a(SiO2) = 1 was assumed in the
calculation of the temperatures. Some of the variance in the values of T may be explained
by differences in a(SiO2).
The graphical chlorite geothermometer of Bourdelle and Cathelineau (2015) (Figure 6)
displays that a majority of the chlorite composition fall between the 150◦C and 250◦C
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Figure 6: Graphical and numerical chlorite geothermometry produce compatible results. The results
suggests that chlorite has attained equilibrium between approximately 150 and 250 ◦C.
lines. Only two data points fall outside of this interval. One is the chlorite analysis point
that yielded T = 136◦C with the geothermometer of Bourdelle et al. (2013) falls between
the 100◦C and 125◦C lines and this contradiction indicated that EDS data on this point
is nonrepresentative. The other is located slightly on the higher T side of the 250◦C
line.
Chromian spinel geothermometry was performed according to Sack and Ghiorso (1991)
and following the approach of Barnes (2000) who describes the application of the chromian
spinel geothermometer to serpentinized and carbonated komatiites. The results of chromian
spinel geothermometry are depicted in Figure 7. The thermometer is based on chemical
composition of chromite, and magnetite that forms a rim on it during serpentinization. The
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Figure 7: Chromian spinel geothermometry indicate equilibriation temperatures significantly lower than
500 ◦C. Chromites in ophiocarbonate plotting in the 550 - 600 ◦ field have relict magmatic compositions.
isotherms vary according to the composition of olivine that coexists with the chromite-
magnetite pairs. Olivine was not observed in the studied rock samples and the isotherms for
olivine composition Fo90 were used here because Fo90 is close to the olivine composition
reported by Robin-Popieul et al. (2012) for komatiites in the Komati Complex. The
magnetite analyses plot quite uniformly very close to the Fe3+ corner. The low Cr contents
imply magnetite crystallization at temperatures significantly lower than 500 ◦C (Barnes
2000). The chromite analyses are more scattered. A subset of chromian spinel analyses
from the sample PEN 212.47 yield temperatures in the range of T = 550 - 600 ◦C, whereas
the analyses from the other rock types yield temperatures under 500 ◦C apart from one
data point that falls in the 500 - 550 ◦C range. The apparent higher chromian spinel
equilibration temperatures in the ophiocarbonate sample PEN 212.47 are probably due
to relict magmatic compositions. In addition to magnetite compositions indicating very
low temperature in sample PEN 212.47, chromite is enriched in Al relative to chromite
in the other samples. The Al content of chromite tends to decrease during low grade
metamorphism as Al is transferred to chlorite in the surrounding metamorphic mineral
assemblage (Barnes 2000).
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Figure 8: a) Vein wall contact perpendicular chrysotile-textured fibres in a mass of fine flaky lizardite-
textured groundmass. b) Flaky lizardite-textured serpentine transitions into columnar antigorite-textured
serpentine. c) and d) fibrous antigorite.
5.5 SEM
The differences in the crystal structures of the three most common serpentine polymorphs
may also be manifested by the respective crystal habits of the three polymorphs. Lizardite
tends to occur as aggregates of flaky crystals, chrysotile tends to form flexible, elongate,
asbestos fibres and antigorite tends to occur as columnar or fibrous crystals (Groppo et al.
2006). Serpentine textures observed with scanning electron microscopy (SEM) in the
studied samples are depicted in Figure 8.
5.6 Raman spectroscopy
Five samples were analysed using the Raman spectroscopy, i.e. PEN 15.12, PEN 37.23,
PEN 66.00, PEN 69.93, and PEN 212.47. Serpentine was not found in PEN 66.00, but in
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the other samples serpentine is abundant, PEN 15.12 and PEN 37.23 being classified as
serpentinites whereas PEN 212.47 and PEN 69.93 are ophiocarbonates. The serpentine rich
samples contained abundant antigorite and lizardite, and minor chrysotile. Some analysis
points yielded Raman spectra, which have peaks corresponding to antigorite and lizardite.
These spectra belong either to a phase intermediate between antigorite and lizardite, or to
a cryptocrystalline intergrowth of the two phases. The identification of different serpentine
minerals were based on three main peaks in the spectra corresponding to lattice vibrational
modes νas Si-Ob -Si at ∼ 1045 cm−1 in antigorite, νs Si-Ob -Si at ∼ 680−695 cm−1, and
symmetric ν5(e)SiO4 at ∼ 373−393 cm−1 (Rinaudo et al. 2003, Groppo et al. 2006). A
full list of Raman spectra is provided in Appendixes 3 - 6.
In PEN 15.12 lizardite and antigorite are the dominant serpentine minerals. The apple
yellow to green, cryptocrystalline olivine pseudomorphs consist mainly of lizardite, with
minor chrysotile veins and fibrous chrysotile recrystallizations in vein contact. The
randomly oriented microcrystalline serpentine, which replaces most of the intercumulus
and part of the olivine pseudomorphs located near the contact of the macroscopic vein.
Patches of nearly isotropic lizardite and fibrous chrysotile are enclosed by antigorite in the
relict intercumulus.
In PEN 37.23, most of the serpentinized areas consist of microcrystalline, randomly
oriented fibrous antigorite. Lizardite may be intergrown with antigorite in locally occuring
patches. The network of small scale veining that ubiquitously crosscuts the serpentinized
parts have seem to have a slight retrograde tendency. Their mineralogy ranges from
antigorite to lizardite-antigorite mix to lizardite, and the mixture of lizardite and antigorite
and pure lizardite are more widespread in the veinlets. Vein perpendicular fibrous growths
of antigorite are common in the vein contacts, however.
In PEN 69.92 the serpentinite clasts that are brecciated by a network of carbonate, talc, and
serpentine veins, consists largely of antigorite dominated, randomly oriented fibrous parts,
and nearly isotropic and green, or microcrystalline lizardite parts. Randomly oriented,
fibrous antigorite is crosscut by a network of penetrative 10-50µm wide veins, which
consist of microcrystalline or isotropic antigorite and which seem to be unrelated to
carbonization. Antigorite rich parts are also heavily overprinted by 100-500µm long and
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10-50µm wide dilatation veinlets that consists of a mixture of lizardite and antigorite.
Vein serpentines related to carbonization all display fibrous habbits and comprise lizardite,
chrysotile and antigorite.
In PEN 212.47 serpentine is dominantly antigorite. An irregular, macroscopic carbonate-
serpentine vein, covering one corner and around 20 % of the studied thin section, contains
antigorite as the sole serpentine mineral. It occurs in random and parallelly ordered fibrous
textures. Massive aggragates of microcrystalline antigorite replaces the relict intercumulus
texture, the cores of many olivine pseudomorphs and sometimes whole pseudomorphs, and
form irregular veins that locally crosscut cumulate texturted part of the sample. On rare
occasions the the microcrystalline massive aggragates may consist of lizardite or a mixture
of lizardite and antigorite. The olivine pseudomorphs of the cumulus phase consist for a
large part of fibrous antigorite, where antigorite fibres are aligned perpendicular the outer
faces of the pseudomorph or the veinlets that crosscut the pseudomorph. Small scale veins
of chrysotile were found to exist. Chrysotile occurs as laths or fibres that are perpendicular
to the vein wall contact.
5.7 Fluid inclusions
Carbonate hosted fluid inclusions were studied from a single sample, PEN 66.00, because
this was the only sample with sufficiently abundant fluid inclusions. Three doubly polished
wafers that were prepared form the sample. Three petrographically distinct carbonate sites
host four distinct fluid inclusion assemblages (FIA). The first of the three carbonate host
textures is a relatively large first order vein that consists of relatively coarse grained, equant,
well crystallized carbonate that has irregular shaped vein wall contact to its matrix. The
first order vein resides in a carbonated matrix which is the second of the three carbonate
textures. The carbonated matrix consists mainly of fibrous intergrown carbonate and green
mineral, probably chlorite. Aggregates of granular carbonate that are embedded in the
fibrous mass are the fluid inclusion hosting sites. The third carbonate texture hosting fluid
inclusions is set of second order veins. They are situated at an angle to the first order vein.
They are narrower than the first order vein. They are embedded in the boundary of the
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Figure 9: A scanned image of a double polished section used in fluid inclusion studies. First order
carbonate vein is outlined with yellow dashed line and second order carbonate vein is outline with
fuchsia dashed line. A high temperature primary fluid inclusion assemblage (FIA 1) is hosted by the first
order vein. The first order vein is embedded in a fine grained fibrous intergrowth of carbonate minerals
and chlorite. The second order vein and fibrous intergrowth host a primary fluid inclusion assemblage
(FIA 3) whose homogenization temperature interval coincides with that of a secondary fluid inclusion
asseblage hosted by the first order vein (FIA 2). Furthermore the second order vein hosts a secondary
low temperature fluid inclusion assemblage (FIA 4).
carbonated a chlorite rich matrix. The three distinct fluid inclusion hosting carbonate sites
are depicted in Figure 9.
The bubble size varies in the range of 5-20 % in all of the inclusions and all of the
studied inclusions were homogenized to liquid. On average the fluid inclusions in the two
primary FIA’s are larger than their respective secondary fluid inclusions and they have
bigger bubbles than their respective secondary fluid inclusions. Photomicrographs of fluid
inclusions representing the four FIA’s described in this work are depicted in Figure 10. On
average the inclusions were relatively small and poorly visible. To address this visibility
problem, stepwise heating of the inclusions was used during homogenization. The results
of homogenization and freezing experiments are summarized in Table 10.
A high temperature primary fluid inclusion assemblage (FIA 1) was found in a relatively
large irregular first order vein. The first order vein is composed of relatively coarse grained,
equant, granular carbonate. There are acicular inclusions of chlorite enclosed in the calcite.
The fluid inclusions of the FIA 1 may appear as the sole inclusion in a carbonate crystal
or a carbonate grain may contain more than one FIA 1 inclusion when they are arranged
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Figure 10: Photos of fluid inclusion representing the four FIA’s described in this study. a) Inclusions
belonging to FIA 1 are depicted in. There are three approximately concentrically appearing fluid
inclusions within a single carbonate grain. b) FIA 2 inclusions occuring as a secondary trail crosscutting
a carbonate grain from edge to edge. c) Two primary inclsuions in one carboante grains belonging to
FIA 4 are located in a single relatively well crystallized, equant carbonte grain that is embedded in
firbous intergrowths of carbonate and chlorite mineral. d) A sedondary trail of fluid inclusions belonging
to FIA 3 displays rombohedral negative crystal shape.
Table 10: Microthermometry freezing experiment result of eleven FIA 1 fluid inclusions and two FIA 2
fluid inclusions. The salinities expressed in NaCl eq. m-% and NaCl eq. molalities are calculated using
the computer program BULK from the FLUIDS 1 package published by Bakker (2003).
Freezing experiment results
Tfreezing Te Tfinalm Th to liq NaCl eq wt-%
(Archer 1992)
NaCl eq.
Molality
(Archer 1992)
FIA 1 -51 -23 -6.8 209 10.4 1.92
-50 -23 -7 227 10.7 1.97
-52 -5 212.5 8 1.44
-51 -22 -6.9 187 10.5 1.94
-49 -5.5 187.5 8.7 1.58
-50 -6 192.5 9.4 1.71
-40 -5.6 237.5 8.8 1.61
-51 -6.3 192.5 9.7 1.79
-50 -6.1 217.5 9.5 1.74
-50 -6.2 232.5 9.6 1.76
-51 -23.9 -7 197.5 10.7 1.97
FIA 2 -48 -3.9 6.4 1.14
-53 -22 -7.4 163 11.2 2.07
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approximately concentrically within the grain. They do not appear in planar arrangements
that would crosscut the boundaries of the grain. The shapes of the FIA 1 inclusions
vary from lobate to tattered to irregular angular and to perfect rhombohedral negative
crystal shape. The most common shape of the FIA 1 inclusions is, however, a rectangular
appearing, elongated rhombohedron. Based on visual estimations the bubble size of the
FIA 1 inclusions varies approximately in the range of from 10 to 20 % of the total volume
of the inclusion.
Stepwise heating with 5 ◦C steps was used for the FIA 1. The homogenization temperatures
of the FIA 1 range from 172.5 ◦C to 242.5 ◦C. The average value of homogenization
temperatures is approximately 204 ◦C and the median is approximately 205 ◦C. An
undercooling in the order of 20 to 70 ◦C was required for reappearance of the bubble after
homogenization. Freezing temperatures of the FIA 1 ranges from -56 to -40 ◦C and, the
mean of freezing temperatures is -50 ◦C and the median is -51 ◦C. Eutectic point in the FIA
1 occurred between -24 and -22 ◦C, both mean and median being -23 ◦C. Final melting of
the FIA 1 occurred between -7 and -5 ◦C, mean and median values of final melting in the
FIA 1 are both -6.2 ◦C. The observed eutectic temperatures and final melting temperatures
correspond to NaCl salinities in the range of 7.8 - 10.5 wt-%.
In approximately half of the studied FIA 1 inclusions the bubble disappeared upon freezing.
In three cases the eutectic point was detected as the reappearance of the bubble. One
eutectic point was observed as a mere appearance of a droplet of liquid. In two fluid
inclusions the bubble reappeared just under the final melting point and in one inclusion
it reappeared immediately after final melting. In the latter case the final melting was
metastable an the recorded final melting temperature, -5 ◦C, is slightly too high, but it sets
the lowest limit to the salinity of the FIA 1. Most FIA 1 inclusions displayed vigorous
bubble movements around final melting temperatures.
A secondary fluid inclusion assemblage in the first order vein (FIA 2) is displayed as
secondary trails and as isolated fluid inclusions. The FIA 2 inclusions are generally
relatively small and have shapes similar to the FIA 1 inclusions. The bubble sizes vary
between 5 and 10 % of the total volume. Stepwise heating with 4 to 5 ◦C was used for two
of the fluid inclusions in the FIA 2. Three homogenization temperatures were collected
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from the FIA 2: 154, 162.5, and 163 ◦C. Undercoolig in the range of 70 to 80 ◦C was
required for the reappearance after homogenization. Three freezing point data were also
collected from the FIA 2: -45, -48, and -53 ◦C. Two of the bubbles disappeared upon
freezing and reappeared closely below final melting. One inclusion was decrepitated during
freezing. One eutectic point was observed at -22 ◦C and two final melting points were
observed: -3.9 and -7.4 ◦C. The eutectic temperature and final melting values correspond to
NaCl equivalent salinities of 6.2 and 11 wt-% respectively. The only eutectic temperature
was detected as a first detectable bubble movement. Final melting temperatures were
observed as disappearance of ice associated to vigorous bubble movements.
In a second order vein and fibrous calcite surrounding the first order vein, primary fluid
inclusions form FIA 3. Stepwise heating with 4 ◦C steps were used to homogenize
inclusions of the FIA 3. Homogenization temperatures of the FIA 3 range from 149 to 180
◦C. The mean of homogenization temperatures in the FIA 3 is 159 and the median is 152
◦C. An undercooling of 40 to 70 degrees was required for reappearance of the bubble after
homogenization. Two freezing point data were acquired for the FIA 3: -52.6 and -53 ◦C.
The bubble disappeared upon freezing in one of the freezing experiments and reappeared
at -8.6. The final melting of ice could not be observed, but vigorous movements of the
bubble that suddenly stopped at -7 and -7.3 ◦C in the two experiments respectively are
indicative of final melting. The indicated final melting is in agreement with final melting
temperatures of the FIAs 1 and 2, and thus salinities in the FIA 3 inclusions are inferred to
be similar to those of the FIA 1 and 2 inclusions. The similarities in the properties of fluid
inclusions belonging to the FIAs 2 and 3 suggest that they have formed as the result of a
single fluid event.
Secondary fluid inclsions in second order veins and fibrous calcite surrounding first order
vein form FIA 4. Stepwise heating with 3 to 4 ◦C steps was used in homogenization
experiments of the FIA 4. Homogenization temperatures in the FIA 4 range from 112 to
137 ◦C, averaging at 121 ◦C and having a media at 118 ◦C. Undercooling of 70 to 80 ◦C
was required for the reappearance of the bubbles after homogenization. Two freezing point
data were acquired for the FIA 4: -51, and -53. The bubbles disappeared upon freezing in
both of the inclusions. The temperatures of final melting of ice could not be observed. The
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reappearance occurred in one inclusion at -5.6 ◦C during the first freezing experiments and
at -6.3 ◦C in the second experiment. In the other inclusion reappearance occurred at -4
◦C during first experiment and at -0.5 ◦C during the second experiment. The final melting
temperatures are probably close to the temperatures of the bubble reappearances indicating
salinities similar to those determined for the FIAs 1 and 2.
Textural relationships of the calcite hosting fluid inclusions reveal the temporal sequence
of the entrapment of the FIAs. The FIA 1 was entrapped first during the first order vein in
the center of an intensely carbonated area. The entrapment of the FIA 1 was followed by
the the entrapment of the FIA 2 as secondary fluid inclusion trails in the first order vein.
The entrapment of the FIA 2 was probably simultaneously with that of the FIA 3, and the
formation of the fibrous carbonate mass and second order veins surrounding the first order
vein. The FIA 4 was entrapped at final stages of the carbonation. The entrapment sequence
displays a retrogressive trend. The fluid circulation moved from the first order vein to
its surroundings in the course of the entrapment sequence as indicated by the absence of
secondary, low temperature FIA 4 inclusions in the first order vein.
Histograms of homogenization temperature data collected from all of the FIA’s described
above are depicted in Figure 12. Isochores were created using the FLUIDS 1. package
created by Ronald J. Bakker (Bakker 2003). Bulk fluid properties were calculated
using equations of state for the binary H2O−NaCl system by Archer (1992) and the
computer program BULK (Bakker 2003). Isochores were created based on salinity and
homogenization temperature data using the computer program ISOC (Bakker 2003) with
the equations of state of Bodnar and Vityk (1994) and Knight and Bodnar (1989) exept
for one fluid inclusion belonging to FIA 2 whose homogenization data was not collected
the equations of state for pure H2O by Haar (1984). Bulk fluid inclusion properties were
calculated based on estimated volume fractions of liquid and vapour phases in the fluid
inclusion because the fluid inclusion was decrepitated before a homogenization temperature
could be aquired. The isochores were plotted using Matlab R2014b. Isochores for FIAs 1
and 2 are depicted in Figure 11.
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Figure 11: Isochores calculated based on microthermometry data of eleven FIA 1 fluid inclusions (red)
and two FIA 2 fluid inclusions (blue). The program ISOC from the package FLUIDS 1 by Bakker (2003)
was used in the construction of the isochores.
5.8 Pseudosections
The metamorphic conditions of two sample, PEN 37.32 and PEN 212.47, were studied
by equilibrium thermodynamic modeling using the software Perple_X (Connolly 2009)
and the thermodynamic dataset of Holland and Powell (1998). Two PT-pseudosections
(Figure 13) were drawn, in the H2O saturated systems CMFASH and MnCMFASHTiO
for samples PEN 37.23 and 212.47 respectively. The Al pfu in antigorite composition
isolines are drawn utilizing the geothermobarometer of Padrón-Navarta et al. (2013). Al
pfu values recalculated to correspond to the antigorite formula for the polysome m = 17,
Mg48Si34O85(OH)62 vary between 0.01 and 1.2 pfu for sample PEN 37.23 and between
0.1 and 1.9 pfu for PEN 212.47. The average values are 0.6 and 0.9 for samples PEN 37.23
and PEN 212.47 respectively.
The average value of Al pfu antigorite yields a temperature under 150 ◦C at unreasonably
high pressures i.e. > 15 kbar. The maximum value 1.2 pfu yields temperatures between
approximately 220 and 270 ◦C at pressures 0 - 5 kbar (maximum pressure for the Komati
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Figure 12: Histograms homogenization temperatures obtained in this study. The lack of skewness in the
histograms indicate that no fluid inclusion stretching occured during the microthermometry experiments.
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Figure 13: a) Pseudosection drawn of the sample PEN 37.23 in the system CaO + MgO + FeO +
Al2O3 + SiO2 + H2O. b) Pseudosection drawn of the sample PEN 212.47 in the system MnO + CaO
+ MgO + FeO + Al2O3 + SiO2 + H2O + TiO2. Both systems are H2O saturated. The dotted lines
are pfu values of Al in antigorite with the end-member formula Mg48Si34O85(OH)62 (polysome m =
17). The solution models Act(M), Atg(PN) (Padrón-Navarta et al. 2013), B, cAmph(DP) (Diener et al.
2007), Chl(HP) (Holland et al. 1998), Chum, Cpx(HP) (Holland and Powell 1996), IlGyPy, O(HP)
(Holland and Powell 1998), Opx(HP) (Holland and Powell 1996) were used in calculation of the models.
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and Hooggenoeg Complexes given by Cloete (1999) is ~4 kbar). The average value of
Al pfu antigorite in sample PEN 212.47 yields temperatures between approximately 125
and 175 ◦C at pressures 0 - 5 kbar. The maximum Al pfu value for sample PEN 212.47 is
greater than that of the maximum calculated isoline. The observed variability in Al pfu
values of antigorite may infer that antigorite has not attained equilibrium.
6 DISCUSSION
6.1 Conditions of serpentinization
Komatiites from the Komati Complex are volcanic rocks that have been extruded in a deep
oceanic setting (e.g. Dann 2000), and the best modern analog for the serpentinization
process they have undergone is peridotite serpenitinization at seafloor hydrothermal fields.
Hydrothermal fields associated to ocean ridges produce serpentinites at moderately high
(350 ◦C) temperatures (Evans et al. 2013).
As revealed by serpentine phase characterization using Raman spectroscopy samples PEN
15.12 and PEN 69.92 are have abundant lizardite and antigorite and probably plot in or
in the field of stable lizardite-antigorite coexistence (Figure 14). The maximum pressure
estimation for the Komati Complex is approximately 4 kbar (Cloete 1999), and in the
pressure range of 0 - 4 kbar the temperature interval of lizardite-antigorite coexistence
is approximately 280 - 350 ◦C. The dominant serpentine species in samples PEN 37.23
and PEN 212.47 is antigorite and they plot on the right of the field of stable lizardite-
antigorite coexistence. Between 0 and 4 kbar the upper pressure-temperature limit of the
lizardite-antigorite coexistence field is at 340 - 350 ◦C.
Thus, there is a discrepancy between the temperatures inferred by the Al pfu isolines
(Section 5.8) and the dominant serpentine species. According to Evans et al. (2013) in
natural systems antigorite usually appears in the mineral assemblage above approximately
320 ◦C. Metamorphism at 320 ◦C or higher is in agreement with earlier work on the
metamorphic conditions in the Onverwacht Suite (Xie et al. 1997, Cloete 1999, Tice
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Figure 14: A serpentine phase diagram drawn after Evans (2004) and Schwartz et al. (2013). Gray
areas indicate pressure-temperature fields where lizardite and antigorite occur in stable coexistence.
Abbreviations are atg = antigorite, chr = chrysotile, fo = forsterite, liz = lizardite, and tlc = talc.
et al. 2004, Grosch et al. 2012, Farber et al. 2015). The relatively uniform chlorite
geothermometry results that cluster around 200 ◦C are interpreted to represent retrograde
conditions or a later thermal event related to calcite precipitation.
6.2 Environment of serpentinization and carbonation, and the origin of the
carbonating fluid
Earlier work on fluid inclusions in the Onverwacht Suite have focused exclusively to
fluid inclusions hosted by silicification or chert related quartz. The origin of the quartz is
typically well constrained: it is known to be related to seafloor sedimentation and seafloor
hydrothermal alteration (e.g. de Vries and Touret 2007). Carbonate alteration in the
Onverwacht Suite, however, is poorly constrained. Cloete (1999) report limited occurrence
of carbonation on one of the pillow samples where the carbonate rims the pillow and
overprints the tectonic fabric of the pillow. The carbonate observed in this study overprints
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the relict primary and serpentinization textures the formation of carbonate has occurred
subsequent to serpentinization.
Carbonate minerals observed and analyzed in this study have largely not attained
equilibrium with their respective host rocks. In many samples this is evident based on
disequilibrium textures, but even where carbonate minerals are seemingly in equilibrium
with their surrounding minerals, mineral chemical data reveals that they have not been
equilibrated with the bulk rock. Equilibrium thermodynamic modeling with the software
Perple_X was attempted for carbonate bearing samples. The modeling revealed that
carbonate minerals in equilibrium with the studied whole rock compositions would
consist of immiscible pairs of dolomite and magnesite. However, most of the carbonate
compositions reported here correspond to calcite. This indicates that the carbonate has
been precipitated from a Ca-bearing fluid.
The Ca that forms calcite can be external in origin or remobilized from adjacent rocks. Ca
is mobilized as a result of pyroxene and amphibole breakdown during serpentinization
(Hattori and Guillot 2007). A probable source of Ca in the carbonated ultramafites of
the Komati Complex are the reduced, Ca-bearing fluids circulating up from subsurface
serpetinization environments analogous to the models postulated by Beard and Hopkinson
(2000) and Kelemen and Matter (2008). As these fluids reach the seafloor CaCO3 may
precipitate due to interaction with the HCO−3 dissolved in seawater (analogous to Hattori
and Guillot 2007), or as a result of the oxidation of the serpentinization derived CH4 to
HCO−3 (analogous to Beard and Hopkinson 2000).
Weiershäeuser and Spooner (2005) argue that Archean seawater differed significantly from
modern seawater. They report fluid inclusion data from the Ben Nevis area in the Abitibi
Greenstone belt and review data from five other Archean and one Proterozoic locations that
have undergone very low grade metamorphism. The data sets from these seven locations
have striking similarities: salinities that greatly exceed the salinity of the modern sea water
(e.g. in the Ben Nevis area has a mode in the salinity data between and 4 and 10 wt-%
CaCl2 equivalent and a subset between 18 and 22 wt-% CaCl2 equivalent) and in most
Ca2+ as the dominant cation species. These similarities in fluid inclusion data in low-grade
metamorphic Archean and Proterozoic greenstone belts from different parts of the world
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are best explained by interpreting that they are trapped Archean seawater (Weiershäeuser
and Spooner 2005). According to Weiershäeuser and Spooner (2005) optical petrography
and cathodoluminescence did not reveal recrystallization features of the quartz that hosts
the fluid inclusions, which further support the interpretation that the fluid inclusions are
primary and represent Archean seawater. Data of fluid inclusions from Archean greenstone
belts indicates that Archean seawater had a high concentration of CaCl2 and one possible
source of externally derived Ca is Archean seawater. On the other hand, Ca mobilized
from komatiites and related rocks during hydrothermal metamorphism may be the source
of the high Ca contents in the fluid inclusion data reported and reviewed by (Weiershäeuser
and Spooner 2005).
Most of the rock samples in this study are carbonated, and carbonation of variable
intensity is widespread in the vicinity of the drill hole BARB 2, and a similar mode
of carbonation may be common elsewhere in the Komati Complex or Onverwacht Suite.
Calcite precipitation is thus inferred to have occurred shortly after serpentinization, when
the fluid flow rate was high, and abundant Ca2+ mobilized by the serpentinization processes
was available. Carbonation at a seafloor enviroment is suggested here.
If the calcite in the carbonated samples truly is Archean in origin they must have been
preserved in the turmoil of billions of years. Calcite is significantly more susceptible to
recrystallization and deformation than quartz, but the many primary features have been
preserved remarkably well in the Barberton greenstone belt due to low metamorphic
grade and strain partitioning and these factors may have aided in the preservation of the
calcite. According to (Lowe and Byerly 2007) final major deformation and metamorphic
events in the Barberton greenstone belt were over by 3.0 Ga. It is unlikely that the
widespread carbonation observed in this study would have occurred decoupled from a
major metamorphic or deformation event, and the carbonation is inferred to have occurred
in the Archean. In order to establish that the calcite hosted fluid inclusions observed in this
study are truly of primary Archean origin, a cathodoluminescence study of the host calcite
grains should be performed to rule out recrystallization effects.
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6.3 Fluid inclusion entrapment conditions
Fluid inclusion entrapment conditions ranging from seafloor to amphibolite facies
metamorphic conditions have been suggested for different parts of the Onverwacht Suite
(Cloete 1999, de Vries and Touret 2007, Farber et al. 2015). Suggested fluid sources
in the Onverwacht fluid inclusions vary from modified seawater (Cloete 1999, Farber
et al. 2015) to mixed magmatic and seawater (de Vries and Touret 2007) to metamorphic
(Cloete 1999). The homogenization temperature data reported in earlier fluid inclusion
studies in the Onverwacht Suite, approximately 100 - 240 ◦C are in good agreement with
the homogenization temperature data reported here. The salinity data reported by Cloete
(1999) and de Vries and Touret (2007) are remarkably more variable than the salinity data
reported in this study. The salinity data reported by Farber et al. (2015) is in agreement
with the salinity data reported here.
The range of the chlorite geothermometry data, approximately 150 - 250 ◦C, is virtually
identical to the homogenization temperature range of the FIA 1, approximately 170 - 240
◦C. The chlorite geothermometry yields an average temperature of 197 ◦C, which is nearly
equal to of the average value of the homogenization temperature of the FIA 1, 204 ◦C. The
upper limit of the chlorite geothermometer temperature range translates to approximately
200 - 1100 bars on the the isochores of FIA 1 and 1700 - 2900 bars on the FIA 2
isochores (Figure 11). However, such a high variability in the fluid inclusion entrapment
pressures is unreasonable and it is more likely that the fluid inclusions displaying lower
homogenization temperatures have been entrapped at lower temperatures and pressures. At
250 ◦C, isochores of the fluids inclusions with the highest homogenization temperatures
in the FIA 1 yield pressures of approximately 200 - 300 bars. This is considered the
maximum range of entrapment pressures and actual entrapment pressures are probably
lower, because the chlorite geothermometry temperatures are probably slightly higher than
actual chlorite formation temperatures. The The FIA 2 - 4 have probably been entrapped
at similar pressures, but lower temperatures than the FIA 1.
The fluid inclusion dataset indicated that carbonate minerals were precipitated from a Ca-
and C-bearing H2O + NaCl fluid in a fluid buffered system. This is manifested by the
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constant salinity as a function of decreasing homogenization temperatures in the FIAs
1-4. These results suggest that the fluid inclusions were entrapped at seafloor or shallow
subseafloor at moderate hydrothermal conditions. Similar entrapment conditions, at <100
bar and approximately 100 - 200 ◦ were reported by de Vries and Touret (2007) for
the upper Hooggenoeg Complex. Additionally, fluids inclusions with similar salinities
were interpreted as modified seawater by Farber et al. (2015) in the Mendon Complex
and lower Fig Tree Group. The Cl− concentrations of the NaCl-equivalent salinities
reported here are consistent with CaCl2-equivalent salinities of fluid inclusions suggested
by Weiershäeuser and Spooner (2005) to represent seawater in many low-grade Archean
greenstone belts.
7 CONCLUSIONS
Serpentine phase characterization by Raman spectroscopy revealed that antigorite is
occurs widely the serpentinized ultramafic rocks of the Komati Complex. Antigorite
typically forms after lizardite and chrysotile above approximately 320 ◦C. This estimate of
serpentinization temperature is in agreement with peak metamorphic temperatures reported
in previous contributions for much of the Onverwach Suite above the Komati Fault.
The combined results of chlorite geothermometry and fluid inclusions indicate fluid
inclusion entrapment at circa 100 - 240 ◦ and at pressures lower than approximately
200 - 300 bars. These temperature and pressure ranges in combination with relatively
constant salinity as a function of decreasing temperature in the fluid inclusions indicate
fluid entrapment at seafloor hydrothermal conditions. Calcite precipitation at seafloor
conditions is enabled by ongoing subseafloor serpentinization processes that produce
reduced Ca2+-bearing fluids. Upon mixing with seawater these fluids are oxidized causing
the precipitation of carbonate minerals. Serpentinization and carbonation at a seafloor
environment is in agreement with the suggested environment of eruption of the extrusive
rocks of the Komati Complex.
Carbonate hosted fluid inclusions have properties that are consistent with fluid inclusions
suggested to represent Archean seawater in previous contributions. The Barberton
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greenstone belt has not been altered significantly altered for the last 3.0 Ga and even older
features may have been preserved due low-grade metamorphism and strain partitioning,
which implies that serpentinization and carbonation are probably Archean. In order to
put further constraints on the origin of the carbonate alteration and carbonate hosted
fluid inclusions in the Komati Complex a more extensive study of the field and textural
properties of the occurrence of carbonate alteration should be carried out.
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10 APPENDIXES
10.1 Appedix 1. Full tables of XRF analyses.
Serpentinite
PEN 15.12 PEN 16.19 PEN 26.79 PEN 28.06 PEN 30.00 PEN 37.23
1317027 1317028 1317031 1317033 1317034 1317035
SiO2 % 38.49 40.47 39.29 39.94 35.41 41.15
TiO2 % 0.13 0.10 0.17 0.10 0.44 0.17
Al2O3 % 1.39 0.92 1.77 1.39 8.55 2.00
FeO % 6.40 5.77 7.14 6.38 8.39 8.09
MnO % 0.07 0.06 0.09 0.06 0.34 0.15
MgO % 39.46 40.30 39.21 39.38 35.08 36.13
CaO % 1.11 0.25 0.16 0.35 0.06 1.76
Na2O % <0.039 <0.039 <0.039 <0.039 <0.039 <0.039
K2O % <0.008 <0.008 <0.008 <0.008 <0.008 <0.008
P2O5 % 0.01 0.01 0.02 0.01 0.04 0.02
Cr2O3(c) % 0.14 0.17 0.20 0.16 0.33 0.19
NiO(c) % 0.32 0.32 0.25 0.29 0.13 0.28
LOI % 12.48 11.64 11.71 11.94 11.24 10.07
SUM % 100 100 100 100 100 100
V ppm 45 31 54 74 137 68
Cr ppm 1104 1336 1548 1252 2538 1468
Ni ppm 2922 2827 2233 2571 1176 2453
Cu ppm <32.5 <32.5 <32.5 <32.5 <32.5 69
Zn ppm 29 29 24 24 71 52
Rb ppm <13.6 <13.6 <13.6 <13.6 <13.6 <13.6
Sr ppm <6.1 <6.1 <6.1 <6.1 <6.1 <6.1
Y ppm 6 5 <3.6 <3.6 9 <3.6
Zr ppm 23 <3.5 22 25 45 17
Nb ppm <4.9 <4.9 <4.9 <4.9 5 5
Ba ppm 23 <20.6 22 <20.6 22 42
La ppm <24.3 <24.3 <24.3 <24.3 <24.3 <24.3
Ce ppm <16.1 55 34 <16.1 51 <16.1
U ppm <11.7 <11.7 <11.7 <11.7 <11.7 <11.7
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Appedix 1, continued.
Ophiocarbonate
PEN 67.96 PEN 68.93 PEN 69.93 PEN 70.51 PEN 211.06 PEN 212.47
1317040 1317041 1317042 1317043 1317029 1317030
SiO2 % 39.41 41.04 41.04 32.45 38.94 40.03
TiO2 % 0.17 0.14 0.14 0.11 0.42 0.39
Al2O3 % 1.82 1.04 1.59 1.21 3.13 2.89
FeO % 10.08 7.33 7.59 5.58 10.42 11.71
MnO % 0.11 0.10 0.11 0.19 0.16 0.17
MgO % 34.90 36.04 34.41 27.43 32.88 32.90
CaO % 0.92 1.65 2.94 15.13 2.34 1.11
Na2O % <0.039 <0.039 <0.039 <0.039 <0.039 <0.039
K2O % <0.008 <0.008 <0.008 <0.008 0.03 0.04
P2O5 % 0.01 <0.006 0.01 0.01 0.05 0.04
Cr2O3(c) % 0.95 0.22 0.20 0.14 0.89 0.87
NiO(c) % 0.27 0.34 0.27 0.19 0.31 0.31
LOI % 11.36 12.11 11.70 17.55 10.43 9.55
SUM % 100 100 100 100 100 100
V ppm 65 39 60 42 138 136
Cr ppm 7326 1708 1528 1157 6774 6556
Ni ppm 2374 3051 2434 1809 2740 2684
Cu ppm <32.5 <32.5 <32.5 115 38 52
Zn ppm 85 51 54 45 65 79
Rb ppm <13.6 <13.6 <13.6 <13.6 <13.6 <13.6
Sr ppm <6.1 34 45 482 <6.1 <6.1
Y ppm 15 <3.6 <3.6 6 14 12
Zr ppm 11 5 23 14 33 28
Nb ppm <4.9 <4.9 <4.9 <4.9 <4.9 <4.9
Ba ppm 38 31 30 49 28 33
La ppm <24.3 <24.3 <24.3 <24.3 <24.3 <24.3
Ce ppm <16.1 <16.1 <16.1 <16.1 22 <16.1
U ppm <11.7 <11.7 <11.7 <11.7 <11.7 <11.7
74
Appedix 1, continued.
Soapstone Talc-actinolite stone
PEN 77.93 PEN 92.57 PEN 138.20 PEN 63.36 PEN 76.14 PEN 77.27
1317047 1317048 1317026 1317037 1317045 1317046
SiO2 % 45.44 45.64 49.08 44.62 42.65 45.01
TiO2 % 0.31 0.39 0.54 0.53 0.07 0.30
Al2O3 % 3.42 4.09 4.91 5.66 1.22 3.09
FeO % 9.87 10.61 10.89 10.94 4.93 9.18
MnO % 0.13 0.17 0.11 0.16 0.15 0.15
MgO % 26.84 24.02 26.36 18.23 27.03 25.35
CaO % 4.82 6.38 1.23 11.35 10.17 8.10
Na2O % 0.04 0.13 0.20 0.19 <0.039 0.05
K2O % 0.02 0.04 0.05 1.70 <0.008 0.04
P2O5 % 0.03 0.03 0.04 0.05 0.02 0.03
Cr2O3(c) % 0.29 0.33 0.34 0.25 0.09 0.27
NiO(c) % 0.17 0.12 0.08 0.06 0.13 0.16
LOI % 8.61 8.04 6.17 6.25 13.55 8.27
SUM % 100 100 100 100 100 100
V ppm 109 142 160 187 35 101
Cr ppm 2165 2455 2496 1823 679 2037
Ni ppm 1439 1019 685 516 1171 1332
Cu ppm 91 65 62 <32.5 41 <32.5
Zn ppm 85 102 82 76 42 47
Rb ppm <13.6 <13.6 <13.6 80 <13.6 <13.6
Sr ppm 48 84 <6.1 77 202 36
Y ppm 11 9 10 18 7 11
Zr ppm 17 34 44 32 14 22
Nb ppm <4.9 <4.9 5 5 <4.9 <4.9
Ba ppm 25 <20.6 30 62 37 25
La ppm <24.3 <24.3 <24.3 <24.3 <24.3 <24.3
Ce ppm 19 34 19 <16.1 <16.1 25
U ppm <11.7 <11.7 <11.7 <11.7 <11.7 <11.7
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Appedix 1, continued.
Actinolite stone Albite-actinolite stone
PEN 38.44 PEN 66.00 PEN 67.00 PEN 72.42 PEN 135.88
1317036 1317038 1317039 1317044 1317025
SiO2 % 42.02 37.32 42.40 41.30 65.40
TiO2 % 0.41 0.43 0.41 0.23 0.26
Al2O3 % 5.36 4.82 4.85 2.93 17.35
FeO % 9.59 9.82 10.74 9.50 1.39
MnO % 0.18 0.23 0.15 0.12 0.04
MgO % 23.39 17.20 23.42 30.70 1.76
CaO % 11.92 18.10 9.63 4.10 2.27
Na2O % <0.039 0.08 <0.039 <0.039 10.25
K2O % <0.008 0.05 0.03 0.02 0.07
P2O5 % 0.01 0.04 0.04 0.03 0.09
Cr2O3(c) % 0.37 0.23 0.24 0.26 -
NiO(c) % 0.11 0.03 0.13 0.25 -
LOI % 6.65 11.65 7.97 10.56 1.11
SUM % 100 100 100 100 100
V ppm 178 165 151 100 9
Cr ppm 2682 1745 1808 2011 <6.8
Ni ppm 926 251 1091 2171 15
Cu ppm 90 56 152 <32.5 <32.5
Zn ppm 61 80 52 52 19
Rb ppm <13.6 <13.6 <13.6 <13.6 <13.6
Sr ppm 66 227 63 17 149
Y ppm 7 20 12 12 9
Zr ppm 38 42 34 17 134
Nb ppm 5 6 <4.9 <4.9 8
Ba ppm 32 <20.6 25 36 47
La ppm <24.3 <24.3 <24.3 <24.3 <24.3
Ce ppm <16.1 <16.1 <16.1 19 <16.1
U ppm <11.7 <11.7 <11.7 <11.7 <11.7
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10.3 Appendix 3. Raman spactra of antigorite.
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10.4 Appendix 4. Raman spectra of mixed lizardite-antigorite.
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10.5 Appendix 5. Raman spectra of lizardite.
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10.6 Appendix 6. Raman spectra of chrysotile.
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